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Abstract 
Natural and anthropogenic processes, including nanotechnology, are the sources 
of airborne nanoparticles (NPs) (equivalent diameter < 0.1 µm), fine (aerodynamic 
diameter ≤ 2.5 μm) and coarse particles (aerodynamic diameter > 2.5 μm and < 10 
μm), emitted into our environment.  Concerns about the health effects of NPs, has 
resulted in calls from various organisations, groups and individuals to assess exposure-
related risks to health.   
Concerns have been expressed by a range of organisations, including 
government health and safety agencies, employer and worker organisations, and 
privately funded organisations, about possible adverse effects on human health from 
exposure to engineered nanoparticles, in particular workers involved in the 
manufacture and use of nanotechnology products, and particles emitted from industrial 
processes such as welding and combustion processes, and every day used office 
equipment such as laser printers.   
Many anthropogenic sources of airborne particles in workplaces such as 
welding, smelting and combustion engine processes have existed for more than 100 
years, whilst other sources such as laser printers have been present for many decades.  
And more recently, the twenty-first century has seen what can be described as an 
exponential increase in nanotechnologies that are also sources of airborne particles.   
Although some particles may initially be emitted as NPs, agglomeration 
processes will often result in exposure to particles across many orders of magnitude in 
size, from the nanoscale to the supermicrometre scale. Although there is a reasonably 
good understanding of the dynamics of airborne particle formation and transport, 
consensus on methods to characterise exposure to NPs is lacking.  For example, it is 
evident from the scientific literature that debate continues as to whether the particle 
metrics of surface area, mass, diameter, fibre count or number concentration, or a 
combination of these metrics, are the best indices of health effects.  In particular, the 
literature in relation to nanotechnology reflects a predominance of experiments 
designed to identify methods and instrumentation that characterise only the NP size 
fraction of aerosols emitted from nanotechnology processes. This is problematic at the 
workplace level because such instrumentation and methods that can characterise only 
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this size fraction don’t possess the utility of portability, cost effectiveness and ease of 
use.  In addition, attempts to characterise only the NP fraction of an aerosol results in 
the exclusion of larger particles which may contribute to the particle exposure profile 
of people at the workplace.  
In order to addresses these gaps in knowledge, both real-time particle 
measurement instrumentation and off-line particle analysis were utilised in this study 
to comprehensively characterise the particle number and mass concentration, surface 
area, size, morphology and chemical composition of airborne particles associated with 
the operation of laser printers and selected nanotechnology processes. The 
experimental results were analysed to provide insight into: (i) a method that can be 
used at the workplace level to measure aerosol emission, including NPs, arising from 
anthropogenic sources of particles, and deliberate engineering of particles as part of 
nanotechnology processes, (ii) criteria that utilises this measurement data to inform 
decisions on when to control particle emission, and (iii) factors that influenced the 
strength of relationship between particle data calculated by selected real-time 
instruments to different aerosol sources.   
The findings of the study are reported as follows:   
1. Sampling strategies and instrumentation suitable for characterising selected 
particle emission and transport within workplace environments 
The results showed that both real-time measurement and off-line analysis 
of aerosols were valid when used as part of a three-tiered measurement strategy, 
when tested against a variety of sub- and supermicrometer sized fibrous and non-
fibrous particles.  A three-tiered measurement strategy is recommended. Tiers 
one and two utilise relatively portable, inexpensive and easy to use real–time 
measurement instruments.  The concurrent use of a portable condensation 
particle counter (CPC), optical particle counter (OPC), and photometer, as part 
of tier one or two measurement is recommended, as these instruments were 
shown to consistently characterise elevated particle number and mass 
concentrations associated with the process of interest, above background 
concentrations.  If a significant increase in particle concentration over total 
aerosol background concentration (or occupational exposure limit if available) 
is detected, then potential exposure is assessed using the tier-three process. 
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 Tier-three involves the use of more complex measurement methods and 
includes personal exposure monitoring of people. The use of instrumentation, 
such as a Nanometre Aerosol Sampler and filters/pumps, for the collection of 
aerosols for off-line analysis, such as electron microscopy and energy-dispersive 
X-ray spectrometry, can be used as results from experiments showed these were 
reliable collection and analysis methods for off-line characterisation of particle 
size, morphology and chemical composition.    
2. Factors that influenced the strength of releationship between particle data 
measured by selected real-time instruments 
The response of CPCs, an OPC, Nanoparticle Surface Area Monitor 
(NSAM), Scanning Mobility Particle Sizer (SMPS) and photometer to a range 
of sub- and supermicrometre sized fibrous and non-fibrous particles generated 
by selected nanotechnology and non-nanotechnology processes were studied in 
both laboratory and actual workplace environments.  The focus was to study 
emission properties, in terms of particle number concentration (PNC) and 
particle mass (PM) concentration for selected processes and to analyse the 
relationship between the responses of the different instruments.  Analysis of peak 
(highest value recorded) and 30-minute averaged particle number and mass 
concentration values revealed:   
 Peak PNC20-1000nm emitted from the nanotechnology processes were 
up to three orders of magnitude greater than the local background 
particle concentration (LBPC)   
 Peak PNC300-3000nm were up to an order of magnitude greater, and 
PM2.5 concentrations up to four orders of magnitude greater than 
LBPC 
 For three of these nanotechnology processes, the 30-minute average 
particle number and mass concentrations were also significantly 
elevated above the LBPC (p-value < 0.001)   
 Of 25 printers studied using this real-time instrumentation, 18 showed 
a statistically significant increase in PNC associated with printing, at 
1 m from the printer, over the background PNC, indicating these 18 
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printers made a statistically significant contribution to the normal 
background PNC for that office area.   
These results showed particle number and mass concentration emission 
varied by orders of magnitude amongst the different processes, from NP to 
supermicrometre size.   
Our findings also indicated CPCs, OPC, DustTrak and NSAM consistently 
recorded elevated particle concentrations above background in relation to 
challenge aerosols, and also that the instrumentation was sensitive to 
characterising incidental sources of particles. In addition, statistical analysis 
indicated a strong positive correlation between (i) a portable CPC (P-Trak), 
DustTrak, and OPC bin sizes from 300 and 500 nm, (ii) the DustTrak and the 
OPC bin sizes from 300 to 3000 nm, and (iii) CPC-P-trak/CPC 
3781/CPC3022A, when the airborne particles were within the measurement 
range of all instruments. Differences in the operating principles of the 
instruments or the type of particle did not significantly influence the correlation. 
Significant difference in the count median diameter, calculated by SMPS, 
between background and process aerosols, was not identified.  
In addition, the concurrent use of CPC, OPC and photometer verified that 
process enclosures and extraction ventilation of selected nanotechnology 
processes were successful in preventing process particles from contaminating 
the general workplace environment.  
3. Excursion guidance criteria that can be used, in conjunction with the particle 
measurement data, to inform decisions on when particle emission needs 
further assessment and/or control  
In order to utilise the measurement data, obtained using the three-tiered 
method, in a consistent and replicable manner to make decisions as to whether 
particle concentrations require implementation of emission or exposure controls, 
quantitative criteria were designed. These critera, termed excursion guidance 
criteria, account for the typical variation in local background particle 
concentration (LBPC) and error margins of instruments, whilst being 
precautionary enough to highlight peaks in particle concentration likely to be 
associated with particle emission from the process being investigated. In 
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accordance with these criteria, emission or exposure controls may need to be 
implemented or modified, or further assessment of the controls implemented if: 
o Particle concentrations exceed three times the LBPC, which is 
also used as the local particle reference value, for more than a 
total of 30 minutes during a work day, and/or  
o a single short-term measurement exceeds five times the local 
particle reference value.     
Importantly, the measurement data generated as part of this PhD study has 
been extensively published in the scientific literature and within publically 
available reports. This will assist others to assess exposure risks from similar 
particle generating processes, and will allow others to replicate and build upon 
the conclusions made from this PhD study.  Extensive data sets of particle 
number and mass concentration, surface area, morphology and chemical 
composition from aerosol sources including carbon nanotubes (CNTs), 
polyurethane/clay particles, TiO2, and laser printers have been published.   
 Scientific originality and novelty is claimed for investigation of the specific 
workplace particle sources utilised in this study, and for the validation of excursion 
guidance criteria and three-tiered assessment method.   
This PhD study arose from an initial partnership between the Queensland 
University of Technology and Workplace Health and Safety Queensland (the 
Queensland Government health and safety regulator).  
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NSAM  Nanoparticle surface area monitor 
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NEAT  Nanoparticle emission assessment technique 
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Chapter 1: Introduction 
1.1 INTRODUCTION 
The first four sections of this chapter outline the background and context of the 
research, and its aim and objectives. The final section summarises the main body of the 
thesis.  
Primarily, this thesis investigates the use of specific instrumentation and the 
design and validation of a particle sampling method that is relatively inexpensive, 
readily available in the marketplace, is portable and routinely usable at a workplace 
level, and can be utilised to characterise emission and exposure to airborne particles 
where particle size encompasses many orders of magnitude, including NPs, and where 
government regulators have not promulgated occupational exposure limits.  In 
particular, the relationship of particle data measured by a range of instruments capable 
of counting and size classifying particles in real-time was investigated.  
 
 
 
 
 
 
 
As the aim of this thesis is associated with characterising 
airborne particles, including nanoparticles, and is not related to 
characterising the specific equivalent diameter at which novel size-
dependent physicochemical properties of a particle occur, for the 
purposes of this thesis the terms nanoparticle and ultrafine particles 
(UFPs) are used interchangeably for all nanoscale particles with a 
diameter <  100 nm.  
 
 Chapter 1: Introduction 2
 
1.2 RESEARCH PROBLEM 
The main route of exposure to all airborne particles is by inhalation.  Particle sizes 
within an aerosol are determined by the formation process with the size range of urban 
and industrial aerosols ranging over several orders of magnitude [1].  Physicochemical 
properties of airborne particles that are important in generating a biological response 
following exposure include: particle size [2-4], particle shape [2-4], particle 
concentration [5, 6], particle surface area [7-9], reactivity/oxidant generation potential 
[2], surface functionalisation [2], solubility [10, 11] and biopersistence [2, 12, 13]. 
The scientific literature reports a link between exposure to NPs in general and 
cardiovascular and respiratory health effects [14-16]. The concern about NPs relates to 
their size dependent properties potentially allowing greater penetration and deposition 
to deeper regions of the lungs, than for larger particles.   
Concern has been expressed that nanotechnology [17-21] and combustion 
processes such as welding and smelting  [22], and the operation of office equipment 
such as laser printers [23] is likely to expose humans to nanoparticles, through 
inhalation, ingestion and dermal contact  [24].  Today, products of nanotechnology can 
be found in more than 800 consumer goods, and new innovations are introduced all the 
time [25]. Globally, emerging nanotechnology was used in $147 billion worth of 
products in 2007, and will impact $3.1 trillion in manufactured goods in 2015 [26].  
Traditionally the characterisation of emission of, and exposure to, airborne 
particles in the occupational and non-occupational environments has focussed on the 
measurement of mass concentration [27].  There is strong agreement in the literature 
[27-29] that mass, or at least mass on its own, is not an adequate metric for evaluating 
exposure to NPs.  NP properties such as surface area and activity [20, 27, 28, 30], 
particle number concentration [27, 30], or fibre aspect ratio and length [30], are 
considered to be better metrics of exposure than mass.   
However, NPs are unlikely to persist in their initial particle size, but rather may 
agglomerate or aggregate into larger sized particles over time, including into the 
micrometre size range [27, 31, 32]. Although, the “less than 100 nm” size range is 
useful when defining engineered nano-materials (ENM) because the novel and 
differentiating properties [of engineered nanoparticles (ENP)] are developed at a crucial 
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length scale of typically under 100 nm [18, 31], the use of the size range of less than 
100 nm is simplistic and arbitrary when discussing health effects or emission 
characteristics of aerosols because (i) particle size within an aerosol is rarely 
homogenous [15], unless they are purposely generated as such and have not 
agglomerated,  (ii) there are no instruments which provide exclusive measurement of 
particle size below 100 nm,  (iii) the novel size dependent properties that may impart 
toxicological properties can also be present in particles greater than 100 nm in diameter 
[33], (iv) a cut-point of 100 nm in diameter is not derived from particle behaviour in 
the respiratory system following deposition and therefore is not a health based metric – 
instead a heath based metric will need to consider the fact that as particles become 
smaller, surface curvature, the arrangement and percentage of atoms on the particle 
surface, and the size dependent quantum effects, such as quantum confinement, play an 
increasingly significant role in determining behaviour [27]. 
  Although the evidence for health effects from the NP fraction of an aerosol is 
not as conclusive as the link to health effects from exposure to fine and coarse particle 
size fractions, assessment of processes that generate primary particles in the ultrafine 
particle size range, such as nanotechnology, should employ methods that characterise 
NPs, sub- and supermicrometre size particles.  As this necessitates the use of multiple 
particle monitors, an understanding of the relationship between the particle data 
recorded/calucated by the instrumentation is required.  For such a method to have utility 
at the workplace level it must incorporate relatively inexpensive, portable and easy to 
use instruments supported by criteria that inform decisions on when to control particle 
emission.   
However, no single method or instrument will provide information on all particle 
traits of interest such as particle number and mass concentration, surface area and 
morphology.  Although many reliable methods and instruments exist to characterise 
these particle traits, many of these lack the utility required for everyday workplace use 
such as being relatively inexpensive, portable and easy to use.  
1.3 RESEARCH AIM  
The primary aim of this PhD study was to design and validate a method that can 
be used at the workplace level to measure aerosol emission, including NPs, sub- and 
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supermicrometre size particles, arising from anthropogenic sources of particles, and 
deliberately engineered particles arising from nanotechnology processes.   
1.4 SPECIFIC RESEARCH OBJECTIVES AND METHODOLOGY 
To achieve the primary aim of this thesis, both real-time and off-line particle 
sampling was conducted to investigate particle number concentration (PNC), PM 
concentration, count median diameter (CMD), alveolar deposited surface area, 
elemental composition, and morphology of aerosols arising from nanotechnology 
processes, and the operation of laser printers.  Statistical techniques were utilised to 
compare the response of different instruments to aerosols, and to analyse variance 
between the median and mean of data sets.  The specific objectives of this work were 
to: 
1. Design sampling strategies and validate instrumentation suitable for 
characterising selected particle emission and transport within workplace 
environments 
2. Evaluate factors that influenced the strength of relationship between particle 
data calculated by selected real-time instruments to different aerosol sources  
3. Design excursion guidance criteria that can be used, in conjunction with the 
particle measurement data, to inform decisions on when particle emission 
needs further assessment and/or control  
To test the utility of the methods on both anthropogenic and engineered sources 
of particles, the following two workplace sources of particle emission were chosen for 
characterisation: 1) emission during the operation of laser printers, and 2) emission 
during the operation of selected nanotechnology processes.  The operation of 
nanotechnology processes and laser printers were selected for this study because: 
1. The literature reported nanotechnology processes [28, 31] and the operation of 
laser printers [23, 34-37] are sources of airborne particle emission and 
potential occupational exposure  
2. Nanotechnology processes and the operation of laser printers provided an 
opportunity to validate the measurement method against workplace processes, 
using both an engineered person-made source of particles, and an incidental 
source of particles, respectively 
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3. Both these workplace sources of particles supported the aim of the research 
that included the design and validation of a method that can be used at the 
workplace level to measure aerosol emission, including NPs, arising from 
anthropogenic and nanotechnology sources of particles. 
Therefore, the research was conducted in two distinct experimental blocs.  For 
experimental bloc number 1, emissions from 107 laser printers were subjected to 
airborne particle measurement.  These printers were located in five office buildings 
within the central business district of Brisbane, Australia. 
Experimental bloc number 2 involved six nanotechnology processes, including 
laboratory research processes and “start-up” company manufacturing processes, as 
follows: 
 Process 1: Hand mixing of  functionalised titanium dioxide with other 
chemicals (Process 1A), followed by heating and homogenising 
(Process 1B) the mixture in an extruder to produce pellets that could 
then be used to blow photo–degradable thin film for use in agriculture.   
 Process 2: Fine, functionalised clay platelets and polyurethane plastic 
beads were simultaneously added to an extrusion machine designed to 
homogenise and heat the mixture to form a clay-polyurethane 
nanocomposite material. 
 Process 3: A university laboratory process investigating electron 
transfer and nanotechnology to solar cells.  Nanocrystalline titanium 
dioxide (TiO2) (99% Anatase) was manually ground, using a mortar 
and pestle, and mixed with a diluted acidic solution.  The resultant TiO2 
solution was added to a slide using a dropper.    
 Process 4: A university laboratory process involving jet-milling of a 
functionalised clay powder, followed by the cleaning of the equipment.  
This process was carried out in order to increase the particle surface 
area and the powder is used in Process 2 as described above.   
 Process 5: Proprietary manufactured single walled carbon nanotubes 
(SWCNT) and multi walled carbon nanotubes (MWCNT) in solid form 
were repeatedly introduced to a chamber from which the resultant 
aerosols were analysed. 
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 Process 6: Chemical Vapour Deposition manufacture of carbon 
nanotubes (CNT).  Process 6A utilised a furnace for catalytic CNT 
synthesis, whilst Process 6B utilised a SabreTubeTM Bench Top 
Thermal Processing System.  
Instrumentation and methods used to characterize airborne particles were divided 
into Tier-One, Tier-Two, and Tier-Three instrumentation/methods.   
The Tier-One assessment involved a standard industrial hygiene survey1  of the 
process area, predominantly focussed on gathering qualitative information to identify 
likely points of particle emission and exposure. 
Tier-Two assessment involved characterising particle number and mass 
concentration to evaluate emission sources, breathing zone exposure of workers, 
incidental and background particles, and effectiveness of particle emission controls. 
Portable instruments that provided real-time particle number and mass concentration 
were utilised.  A portable condensation particle counter (CPC), optical particle counter 
(OPC), and photometer (DustTrak) were chosen for our field work. 
Tier-Three assessment involved repeating Tier-Two measurements, together with 
simultaneous collection of particles for off-line analysis of mass or fibre concentration, 
particle morphology and chemical composition. Filter and electrostatic precipitator 
based samples were collected for analysis using methods such as scanning electron 
microscopy (SEM) transmission electron microscopy (TEM) and   chemical analysis 
using energy-dispersive X-ray spectroscopy (EDX). This allows off-line analysis to be 
compared to real-time measurement results. Additional real-time instruments such as a 
SMPS and NSAM were also used in the Tier-Three experiments.  
Specifically, the following instrumentation, sampling and analytical methods 
were utilised as part of the tiered-measurement approach: 
 Four TSI Incorporated CPCs were used for measurements of total 
particle number concentration: a TSI Model 3781 CPC, with a 
sampling time of 1 second, and a size range 0.006 - 3 µm, a TSI Model 
8525 hand-held P-Trak Ultrafine Particle Counter with a sampling time 
of 1 second in the size range 0.02 - 1 µm, a TSI 3007 Ultrafine Particle 
                                                 
 
1 A walk-through survey of a location to identify and evaluate potential health hazards 
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Counter with a sampling time of 1 second in the size range 0.01 - 1 µm, 
and a TSI Model 3022 CPC with a sampling time of 5 seconds in the 
size range 0.006 – 3 µm. These were used to measure total particle 
number concentration (PNC).  
 Particle size distribution in the nanometre range was measured by a 
SMPS comprising of a TSI Model 3080 Electrostatic Classifier (EC) 
and a TSI Model 3781 CPC or TSI 3025 CPC, with a scan time of 180 
s and size range of approximately 4 - 160 nm.  
 Particle size distribution in six channels between 0.3 µm to 10 µm was 
measured by a TSI Model AeroTrak 9306 hand-held OPC.  
 A TSI 3550 NSAM with a size range of 0.01 µm to 1.0 µm (noting 
instrument response for particles larger than 400nm is not fully 
quantified as described in Table 2.3) was used to obtain surface area 
equivalent dose of inhaled particles for the alveolar lung region.   
 Particle mass concentration was measured by a TSI Model 8520 
DustTrak Aerosol Monitor fitted with a 2.5 µm impactor.   
 Particles were collected electrostatically onto carbon-coated 200-mesh 
copper TEM grids using a TSI 3089 Nanometre Aerosol Sampler.  
Samples were also collected using 37 mm diameter open-face, 
polytetrafluoroethylene, quartz, and mixed cellulose ester filters 
connected to air sampling pumps operating at approximately 5 L/min. 
 The TEM grids were examined using a Philips CM200 TEM, and 
individual particles on the films were analyzed for elemental 
composition using energy-dispersive X-ray spectrometry (EDX) with 
the instrument operated in the TEM microprobe mode.   
 The polytetrafluoroethylene and mixed cellulose ester filters were 
examined using an FEI Quanta 200 Environmental Scanning Electron 
Microscope (ESEM) operated in high vacuum mode. The filters were 
coated with a thin layer of evaporated carbon to provide electrical 
conductivity under the beam, and individual particles on the films were 
analyzed for elemental composition using an EDX microanalysis 
system.   
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 Carbon Nanotube aerosol was sampled onto quartz fibre filters using 
sampling pumps at a flow rate of 3.6 LPM.  The organic, elemental, 
and total carbon mass of each filter was analysed using Evolved Gas 
Analysis by a thermal-optical analyser in accordance with the National 
Institute of Occupatiaonal Safety and Health (NIOSH) Method 5040 
[38] and the elemental carbon concentration as μg m-3 was calculated.   
 Air temperature, relative humidity (RH) and carbon dioxide (CO2) 
concentration were monitored using a TSI Q-Trak Plus Indoor Air 
Quality Monitor. 
 Air velocity of extraction systems was measured by a TSI Velocicheck 
hot-wire anemometer.  
1.5 SUMMARY OF CHAPTERS AND ACCOUNT OF THE SCIENTIFIC 
CONTINUITY OF RESEARCH PAPERS AND PUBLISHED REPORTS 
This thesis is constructed as follows. Chapter 2 provides a review of the scientific 
literature in support of the research aim.  Chapters 3 to 11 contain the full manuscripts 
of journal papers to which I am primary or secondary author, published to the scientific 
literature, and the executive summaries of published reports, that relate directly to my 
research aim and objectives.  The published journal articles were written to meet the 
obligation for a thesis by publication. The content of the chapters reflects the order of 
the date of publication.  In summary, the outcomes of this study include three journal 
papers for which I am the primary author, five journal papers for which I am a co-
author, and two published reports for which I am the primary author.   
Therefore, the content of Chapter 1 is sequenced to demonstrate a continuity of 
research findings commencing with initial work on the study of particle emission and 
transport within experimental chambers, followed by characterisation of particle 
emission and transport in real work environments.  Chapter 12 summarises the principle 
significant findings and recommendations.  To achieve the aim and objectives 
(described in Sections 1.3 and 1.4) of this PhD study, the research was conducted in 
four discrete parts. Figure 1.1 outlines the steps undertaken in this research. The detailed 
steps undertaken were as follows. 
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Part 1: Study of particle emission and transport within experimental chambers 
This step informed the selection of the instrumentation, methods, and particle 
metrics that were used for the latter measurement experiments conducted in actual 
workplace environments.  The experiments conducted during Part 1 identified that 
printers, operated in experimental chambers, generated primary particles within the NP 
size mode of < 100 nms and these particles coagulated to particle diameters up to at 
least 685 nm in diameter. Specifically, these experiments within chambers identified: 
 The size of particles emitted from the operation of laser printers 
included primary particles within the NP size mode and also generated 
supermicrometre sized particles.  Therefore, it was concluded that 
experiments involving the operation of laser printers could continue to 
be utilised as part of ongoing research to design a sampling method for 
the characterisation of NPs within workplace environments.   
 The sampling methods utilised were valid for characterising NPs and 
supermicrometre size particles.   
 That exposure to printer generated particles in an office is likely to be 
influenced by spatial factors with NPs dominating the particle size 
mode at the point of particle generation, and potential exposure at 
distances away from the printer being to NPs and sub- and 
supermicrometre equivalent diameter particles.   
The scientific papers generated from these experiments, are included in Chapters 
3 to 6, and are also summarised below.  
Chapter 3: Chemical and Physical Characterization of Particles Emitted from 
Hardcopy Devices, contains the manuscript of a conference abstract (publication 
number 4 from list of publications by candidate) published in the journal Epidemiology.   
The article presents experimental evidence on particle emission and transport during 
the operation of two laser printers within a box chamber. Sampling methods included 
an SMPS, fast mobility particle sizer (FMPS), gas chromatograph-mass spectrometry 
(GC-MS) and inductively coupled plasma mass spectrometry (ICP-MS).  
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Figure 1.1. Outline of completed research papers and published reports 
Part 1: Study of particle emission and transport within 
experimental chambers 
 
Chapter 3: Paper titled 
- Chemical and 
Physical 
Characterization of 
Particles Emitted from 
Hardcopy Devices1 
Chapter 4: Paper titled - An 
investigation into the 
Characteristics and 
Formation Mechanisms of 
Particles Originating from 
the Operation of Laser 
Printers1 
Chapter 5: Paper titled 
- Quantification of the 
relationship between 
fuser roller 
temperature and laser 
printer emissions1 
Chapter 6: Paper 
titled - Ozone-
initiated particle 
formation, particle 
aging and 
precursors in a laser 
printer1 
Chapter 2: Literature 
Review 
Part 2: Characterisation of particle emission and transport in 
real work environments 
 
Part 3: Design of a tiered measurement strategy and 
criteria to inform decisions on when particle emission 
needs further assessment and/or control 
 
Chapter 7: Paper 
titled- Characteristics 
of airborne ultrafine 
and coarse particles 
during the Australian 
dust storm of 23 
September 20091 
Chapter 9: Paper titled - 
Excursion guidance 
criteria to guide control of 
peak emission and 
exposure to airborne 
engineered particles2 
Chapter 10: two 
published reports of the 
research data and 
findings for 
characterisation of 
airborne particles 
arising from the 
operation of laser 
printers and 
nanotechnology 
processes2 
Chapter 8: Paper titled - 
Exposure to particles 
from laser printers 
operating in office 
workplaces2 
Part 4: investigation of factors that influence the strength of the relationships 
between particle data calculated by particle monitors in response to different 
aerosol sources 
 
Chapter 11: Paper titled – Application of multi-
metric approach to characterisation of particle 
emissions from nanotechnology and non-
nanotechnology sources2 
Chapter 12: Conclusions 
Footnotes 
1 signifies PhD candidate was a 
contributing author of the 
paper/report. 
2 signifies PhD candidate was the 
primary author of the paper/report. 
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The experiments identified that: 
 particle emission varied considerably from one print episode to the 
next, and particles were also released without any toner and paper 
being present  
 the fuser unit and the fuser temperature, and presence of humidity 
appear to be important factors in the creation of the NP emissions, 
with primary and secondary sources of particle present 
 the sampling methods utilised were valid for characterising particle 
morphology, concentration and chemical content.   
Chapter 4: An investigation into the Characteristics and Formation Mechanisms 
of Particles Originating from the Operation of Laser Printers, contains the manuscript 
(publication number 5 from list of publications by candidate) published in the journal 
Environmental Science and Technology.  This article reported the findings of further 
investigation, within experimental chambers, of the possible influence of temperature 
on particle formation arising from printer operation, as identified in Chapter 3.   The 
printers were operated in both a flow through tunnel and box chamber, plus fuser 
rollers, paper, toner, and lubricating oil were heated in a furnace, and the aerosols were 
sampled and analysed using CPCs, SMPS, Aerodynamic Particle Sizer (APS), 
Volatilization and humidfication tandem differential mobility analyser (VHTDMA), 
UV-106 ozone analyser, photo ionisation detector (PID), GC-MS, and TEM.  Chapter 
4 presents experimental evidence that: 
 particles formed during the operation of laser printers were 
temperature dependent, and were volatile, water insoluble, and 
secondary in nature, being formed in the air from volatile organic 
compounds originating from both the paper and the hot toner 
 organic compounds from toner, initially deposit on the fuser roller, 
evaporate and then form particles, through one of two main reaction 
pathways: homogeneous nucleation of semi-volatile organic 
compounds (SVOC), or secondary particle formation through a 
reaction between volatile organic (VOC) species and ozone to produce 
further SVOC species  
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 particle emissions varied during print jobs on the same printer and it 
is hypothesised that the intense bursts of particles were actually 
associated with variations in fuser roller temperature, and that the 
difference between high and low emitters lies in the speed and 
sophistication of the fuser temperature control  
 possible candidates for nucleating species included the following 
SVOC: ethylbenzene, o-xylene, m,p-xylene, styrene, pentadecane, 
hexadecane, heptadecane, and dimethyl phthalate.   
Chapter 5: Quantification of the relationship between fuser roller temperature 
and laser printer emissions, contains the manuscript (publication number 7 from list 
of publications by candidate) published in the Journal of Aerosol Science.  Having 
confirmed in Chapter 4 that the particle formation was related to temperature, Chapter 
5 explores the relationship of the fuser roller temperature to particle formation rates, 
using experiments conducted within controlled laboratory locations.  30 laser printers, 
including 15 colour and 15 black printing, were investigated.  The printers were 
operated in a chamber and a simplified mass balance equation was used to calculate 
the average emission rates of submicrometre particle number, PM2.5 and O3 
concentrations. The printers were also operated on a benchtop to measure the fuser 
roller temperature, with simultaneous fuser temperature and emission rate 
measurements conducted for six printers.  Particle concentration and diameter were 
sampled using an SMPS, CPC and photometer, and O3 was sampled using an ozone 
analyser. The results showed: 
 23 printers were high submicrometre particle number emitters (i.e. > 
1.01×1010 particles/min) with a statistically significant relationship 
between fuser temperature and particle number emission  
 there was no statistically significant relationship between fuser 
temperature and PM2.5 and O3 emission rates, and all printers 
generated significant amounts of O3   
 particle number emissions varied significantly during printing and 
followed the cycle of fuser roller temperature variation, which pointed 
to temperature being the strongest factor controlling emissions  
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 particle number and particle mass emission rates differed by 
approximately three orders of magnitude between the lowest emitter 
and highest emitter.  
Chapter 6: Ozone-initiated particle formation, particle aging and precursors in 
a laser printer, contains the manuscript (publication number 8 from list of publications 
by candidate) published in the journal Environmental Science and Technology. 
Chapter 5 identified that printers generated significant amounts of O3. Therefore, the 
possible influence of O3 on the formation of secondary organic aerosols (SOAs) was 
investigated.  The manuscript in Chapter 6 presents research evidence that ozone reacts 
with printer-generated volatile organic compounds (VOCs) to form SOAs, and that 
squalene and styrene were the most likely SOA precursors with respect to ozone. 
Printers were operated in a box chamber to which O3 was added and particle 
concentration and size distribution measured.  Paper, toner, new fuser rollers, and 
lubricant oil were heated in a furnace and emitted VOCs collected and analysed.  The 
furnace tests identified a number of possible precursor VOCs that could be involved 
in O3 initiated SOA formation, including squalene and styrene.  Particle size 
distribution and concentration were characterised using an SMPS and CPC, O3 using 
an ozone analyser, and VOCs using a photoionisation detector (PID) and Gas 
Chromatography/Mass Spectroscopy (GC/MS). Printer-generated particles had a 
single mode with an average diameter of around 45 nm at the time right before ozone 
was added. After that, the size of these particles started increasing immediately up to 
an equivalent diameter of at least 685 nm. As the upper particle size measurement limit 
of the SMPS was 685 nm, particle diameter was possibly larger.  
Part 2: Characterisation of particle emission and transport in real work 
environments 
 
In Part 2, airborne particle emission was characterised during the operation of 
laser printers and selected nanotechnology processes in actual workplace locations.  In 
addition, an incidental dust storm that occurred during these printer experiments 
allowed particle data to be collected and analysed to provide further information on 
the influence of spatial variance in particle exposure.  Specifically, these experiments 
identified: 
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 the dynamics of particle emission and transport in actual workplaces  
resulted in particles comprising NP and supermicrometer size modes, 
and 
 instrumentation and methods that can characterise particle metrics in 
both the sub- and supermicrometre size mode are required to properly 
characterise particle emission from laser printer and nanotechnology 
processes, and more generally most workplace processes.  
Part 3: Design of a tiered measurement strategy and criteria to inform decisions 
on when particle emission needs further assessment and/or control 
 
In Part 3, the workplace measurement data from Part 2 was analysed to design 
each tier of a three–tiered measurement method for charactering particle emission at 
workplaces. In particular, it was identified that the use of both particle number and 
mass concentration accounts for the influence of spatial variance in particle exposure. 
In addition, in keeping with our objective of validating excursion guidance criteria to 
inform decisions on when particle emission requires control, background particle 
reference values were validated as benchmarks to examine relative emission of, and 
exposure to, particles arising from a nanotechnology process and the operation of laser 
printers.   
The data from Parts 2 and 3 were used to answer the following questions: (i) in 
the absence of quantitative exposure standards for most ENMs and aerosols generated 
from the operation of laser printers and other anthropogenic sources, can background 
particle reference values be used as benchmarks to examine relative emission of, and 
exposure to, particles arising from a such processes? (ii) which particle metrics should 
be used at a workplace level to identify particle emission from these processes? (iii) 
can excursion guidance criteria be used to inform decisions on when particle emission 
needs further assessment and/or control? 
The scientific papers relating to Parts 2 and 3, generated from these experiments 
are included in Chapters 7 to 9, plus two reports in which the experimental results were 
published are included in Chapter 10.  These chapters are also summarised below.   
Chapter 7: Characteristics of airborne ultrafine and coarse particles during the 
Australian dust storm of 23 September 2009, contains the manuscript (publication 
number 6 from list of publications by candidate) published in the journal Atmospheric 
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Environment.  Whilst measuring outdoor particle number and mass concentration 
simultaneous to characterising particle emission from the operation of laser printers 
inside a building, a severe dust storm event occurred outside.  Particle number and 
mass concentrations and size distributions were being characterised, when the dust 
storm event occurred, as part of a range of particle investigations, using CPC, SMPS, 
APS, tapered element oscillating microbalance (TEOM) and a photometer. The 
associated changes in particle number and mass concentration were recorded by the 
instrumentation and allowed the opportunity to report further data on the influence of 
spatial variance in particle exposure, plus the (random) opportunity to explore the 
process of scavenging of smaller particles by larger particles and particle coagulation.  
This process of coagulation can lead to a shift of average particle size to larger values, 
especially when the number concentration of particles is high [39].  As the dust storm 
peaked, there was a rise in PM2.5 and PM10 concentration and a concurrent sharp 
decrease in the ambient NP concentration that was likely due to a process of 
polydisperse coagulation whereby smaller particles diffuse to the surface of larger 
particles.  The likelihood of NP coagulation informed the particle measurement 
method outlined in Chapters 8 and 9 in that characterisation of airborne particles in 
workplace environments requires the use of instruments that can measure a particle 
size range from nm to µm.  
Chapter 8: Exposure to particles from laser printers operating in office 
workplaces, contains the manuscript (publication number 1 from list of publications 
by candidate) published in the journal Environmental Science and Technology.  Printer 
temporal and spatial PNC and PM2.5 concentration were characterised during the 
operation of 107 laser printers within open plan offices of five buildings.  CPCs, a 
DustTrak and an OPC were utilised.  A portable, handheld CPC, DustTrak and OPC 
were included, plus simultaneous indoor and outdoor particle characterisation was 
performed.  It was identified that the portable CPC, OPC and DustTrak had the 
capability, when used concurrently, to reliably characterise spatial airborne particle 
concentration and variability in the size range of approximately 10 nm to 5 µm. This 
was in keeping with the aim to design a method that can be readily utilised in a 
workplace location to characterise airborne particles within the NP, sub- and 
supermicrometre particle diameter size range, and our objective of validating 
excursion guidance criteria to inform decisions on when particle emission requires 
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control.  In addition, the peak PNC values were calculated for each office allowing the 
development of criteria, termed peak particle reference values, that can be used to 
conclude whether particle emission and/or exposure requires controlling.        
Chapter 9: Excursion guidance criteria to guide control of peak emission and 
exposure to airborne engineered particles, contains the manuscript (publication 
number 2 from list of publications by candidate) published in the Journal of 
Occupational and Environmental Hygiene.  Building upon findings reported in earlier 
chapters, and in keeping with the aim of validating particle measurement methods that 
can be used at the workplace level, portable and non-portable real-time instrumentation 
were utilised to characterise airborne particles arising from selected nanotechnology 
processes. The data presented in this chapter was from real-time analysis of particle 
number and particle mass concentration from sampling of aerosols arising from six 
nanotechnology processes that generated sub- and supermicrometre sized fibrous and 
non-fibrous particles, including CNTs.   
Analysis of peak (highest value recorded) and 30-minute averaged particle 
number and mass concentration values revealed:  Peak PNC20-1000nm emitted from the 
nanotechnology processes were up to three orders of magnitude greater than the LBPC.  
Peak PNC300-3000nm was up to an order of magnitude greater, and PM2.5 concentrations 
up to four orders of magnitude greater.   For three of these nanotechnology processes, 
the 30-minute average particle number and mass concentrations were also significantly 
different from the LBPC (p-value < 0.001).   
Chapter 10: Published reports of the research data and findings for 
characterisation of airborne particles arising from the operation of laser printers and 
nanotechnology processes, contains the executive summaries of two reports relating 
to  additional measurement data that was generated by the research and not published 
in the journal articles described in earlier chapters. For example, these reports describe 
and analyse data such as count median diameter (CMD) and alveolar deposited surface 
area from SMPS and NSAM, and particle morphology and elemental composition 
from SEM/TEM and EDX analysis. Selected content of these reports relating to the 
SEM/TEM and EDX analysis of airborne particles, and the use of real-time particle 
measurement instruments to validate the effectiveness of local extraction ventilation 
(LEV) to capture airborne particles, has been included in this chapter because (i) the 
data was not published in the journal articles associated with this thesis, and (ii) the 
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data was instrumental to inform the third-tier of the three-tier measurement method 
designed as an outcome of this PhD study.     
These two reports, titled (i) Nanoparticles from printer emissions in workplace 
environments (publication number 14 from list of publications by candidate), and (ii) 
Measurement of particle emissions from nanotechnology processes, with assessment 
of measurement techniques and workplace controls (publication number 15 from list 
of publications by candidate) were published by the Australian government. Due to 
the large number of pages in each of these reports, only the executive summaries and 
some selected sections have been published in this thesis, with a link to the full reports 
included in the chapter references. The publishing of these reports will ensure all 
relevant data generated by the research process is publicly available to be utilised by 
the community in general, and government and industry to assist in reducing exposure 
to particles arising from the operation of laser printers, and nanotechnology processes, 
as far as is reasonably practicable. 
Part 4: investigation of factors that influence the strength of the relationships 
between particle data calculated by particle monitors in response to different 
aerosol sources 
 
Part 4 investigated the strength of the association between time-series airborne 
PNC, PM2.5 concentration and alveolar lung-deposited surface area of particles data 
recorded and calculated by a variety of models of CPCs, an OPC, a photometer and a 
NSAM, respectively, to answer the following questions: (i) How consistent are three 
different models of CPC, an OPC, a DustTrak photometer and a NSAM in 
characterising process-related increases in airborne particle concentration/lung 
deposited surface area above local background particle concentration?; and (ii) What 
factors influenced the strength of the relationships between the particle data calculated 
by these real-time instruments?  The results of Part 4 are outlined in the manuscript of 
the paper described in Chapter 11.  
Chapter 11: Case Study: Application of multi-metric approach to 
characterisation of particle emissions from nanotechnology and non-nanotechnology 
processes contains the manuscript (publication number 3 from list of publications by 
candidate) that has been submitted (in December 2015) for publication to the Journal 
of Occupational and Environmental Hygiene.  Our findings indicated CPCs, OPC, 
DustTrak and NSAM consistently recorded elevated particle concentrations above 
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background in relation to challenge aerosols, and also the instrumentation was 
sensitive to characterising incidental sources of particles. In addition, the Spearman 
correlation values indicated a strong positive correlation between a portable CPC (P-
Trak), DustTrak, and OPC bin sizes from 300 and 500 nm, and also the DustTrak and 
the OPC bin sizes from 300 to 3000 nm, when the airborne particles were within the 
measurement range of both instruments. Differences in the operating principles of the 
instruments or the type of particle did not influence the correlation. 
Chapter 12: Conclusions and recommendations, pulls together the principle 
findings of the PhD study, and recommendations for future work. 
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Chapter 2:   Literature Review 
2.1 INTRODUCTION  
Sources of airborne particles, including NPs can be classified as (i) natural, such 
as those created independently of humans, for example, sea salt resulting from the 
evaporation of water from sea spray, (ii) anthropogenic, such as incidental to human 
activities, for example, welding and combustion engine processes, laser printer 
operation, and (iii) engineered particles, such as those purposely designed and 
manufactured during nanotechnology processes [1]. 
Regardless of the source of airborne particles, instrumentation and methods used 
for sampling and analysis should be similar.  In support of the aim and objectives of 
this study, a review of the scientific literature has been conducted on the following:  
I. mechanisms of particle formation and transportation  
II. methods and instrumentation available to characterise such airborne 
particles  
III. the utilisation of airborne particle measurement in assessing risk and 
validating the effectiveness of workplace particle exposure control 
strategies, and  
IV. epidemiological and toxicological evidence of adverse health effects 
from exposure to airborne sub and supermicrometre particles emitted 
from anthropogenic and nanotechnology processes.  
 All of the above informs the selection of relevant airborne particle traits to be 
characterised and related methods. The Scopus large citation and abstract database plus 
the QUT Library Journal and Book Database were utilised for this literature review.   
2.2 DEFINING THE TERMS NANOPARTICLE AND ULTRAFINE 
PARTICLE 
The scientific literature utilises the terms NP and UFP interchangeably to 
describe particles with a diameter  < 100 nm.  Particles within this  size range are also 
referred to within the literature as nanosized particles (NSP), Aitken mode and 
nucleation mode particles (particles up to approximately 50 nm in diameter), 
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nanometre particles or nanoparticles (particles less than 50 nm) [2] and ENPs [3]. NPs 
exists as part of an aerosol, which is defined as an assembly of liquid or solid particles 
(generally in size range of 0.001 to 100 µm) suspended in a gaseous medium long 
enough to be measured [4].  
The International Organisation for Standardisation (ISO) and ASTM 
International, formerly known as the American Society for Testing and Materials 
(ASTM), are the two pre-eminent scientific standards groups. Both these groups agree 
the scale between 1 and 100 nm defines the term NP.  However, there are some nuances 
to the definitions from each group as discussed below. 
The ASTM 2456-06 Standard Terminology Relating to Nanotechnology [5] 
defines the term NP, when used in nanotechnology, as a sub-classification of UFPs 
with lengths in two or three dimensions greater than 0.001 µm (1 nm) and smaller than 
about 0.1 µm (100 nm) and which may or may not exhibit a size-related intensive 
property.  However, this Standard notes  - “…this term is a subject of controversy 
regarding the size range and the presence of a size-related property. Current usage 
emphasizes size and not properties in the definition. The length scale may be a 
hydrodynamic diameter or a geometric length appropriate to the intended use of the 
nanoparticle.”  
The International Standards Organisation (ISO) in the document ISO/TS 
27687:2008 Nanotechnologies - Terminology and definitions for nano objects - 
nanoparticle, nanofibre and nanoplate [6] includes a range of terms that must be 
considered when defining the term NP.  NP is defined as a nano-object with all three 
external dimensions in the nanoscale.  Nanoscale is defined as size range from 
approximately 1 to 100 nm.  Nano-object is defined as material with one, two or three 
external dimensions in the nanoscale.  UFP is defined as a particle with an equivalent 
diameter less than 100 nm. 
However, some authors use the term NP to describe particles only with a size of 
< 50 nm [7]. Other definitions of NP include: 
 National Institution for Occupational Safety and Health (NIOSH) [8] 
- a particle with a diameter between 1 and 100 nm, or a fibre spanning 
the range of 1 to 100 nm   
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 Scientific Committee on Emerging and Newly Identified Health Risks 
(SCENIHR) [9] – A discrete entity which has three dimensions of the 
order of 100 nm or less 
 Royal Society of Chemistry [10] –  
“At the present there is no scientific consensus on a definition. Currently, 
nanomaterials and the nanoparticles of which they are constructed are most 
often defined in terms of their size range and so applies to materials with one 
or more external dimensions, or an internal structure, of the order of 
nanometres (1 nm = 10-9 m) and usually less than 100 nm. Nanoparticles have 
a very high surface area-to-mass ratio. Surface molecules characterise the 
whole particle not just the surface, a property, which becomes insignificant 
for particles larger than 10-6 m (1000 nm). Some materials with critical 
dimensions less than about 50 nm, become subject to the laws of quantum 
physics which can endow optical, magnetic or electrical properties that are 
appreciably different from the bulk form of the material. Therefore, definitions 
for the purpose of creating regulation based on size and size distribution alone 
are too prescriptive. These ignore the fact that nanomaterials are distinguished 
from the bulk material from which they are derived by the properties that they 
exhibit and not their size.” 
 British Standards Institution [11] – a particle with all fields or 
diameters in the nanoscale range 
 Barron and Willeke [4] – a particle in the size range of 1 to 100 nm. 
NIOSH [8] summarises this conundrum surrounding the use of the terms NP and 
UFP as follows –  
…no formal distinction exists between UFP and NPs.  The term UFP is often 
used for incidental (non-intentionally generated) nanoscale-diameter particles, 
for example products of welding and diesel engines. The term NP is frequently 
used with respect to particles demonstrating size-dependent physicochemical 
properties, particularly from a materials science perspective, although no 
formal definition exists. As a result, the two terms are sometimes used to 
differentiate between engineered (nanoparticle) and incidental (ultrafine) 
nanoscale particles.   
An ENP includes particles deliberately produced in the laboratory including 
nanoscale structures categorised according to their shape, for example, nanotubes, 
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nanofibers and nanowires.  This classification approach is similar to that taken by 
Oberdorster et al. [3] and Mark [12].  Auffan et al. [13] have published a two-part 
definition of ENP as “…any intentionally produced particle that has a characteristic 
dimension from 1 to 100 nm and has properties that are not shared by non-nanoscale 
particles with the same chemical composition.”  Auffan et al. [13] go further in their 
definition and state for inorganic metal and metal oxide nanoparticles: 
 There is a critical size, considerably smaller than 100 nm, for which 
these new properties typically appear  
 This critical size is strongly related to the exponential increase in the 
number of atoms localized at the surface as the size decreases and 
delineates a smaller set of nanoparticles (typically with diameters less 
than 20 to 30 nm)  
 These smaller nanoparticles have a size-dependent crystallinity that 
gives them properties drastically different from the bulk material and 
they fit the two-part definition. 
2.3 FACTORS INFLUENCING THE SIZE AND DYNAMICS OF 
AIRBORNE PARTICLES 
An aerosol is composed of either those particles released directly from their 
source, and/or a secondary component consisting of those particles subsequently 
produced within the atmosphere or resuspended. Particle sizes within an aerosol are 
determined by the formation process with the size ranges commonly classified as 
nuclei, accumulation, and coarse modes. 
The convention is to utilise diameter to categorise an aerosol into the size 
fractions of: (a) coarse fraction from ≤ 2.5 to 10 μm, (b) the fine fraction < 2.5 μm, and 
(c) ultrafine < 0.1 μm [14].  This is illustrated in Figure 2.1. 
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Figure 2.1.  Particle size distributions of ambient aerosol by three characteristics: mass, surface area, 
and number size ranges of different particle modes  [15]. N.B. the bottom arrows in this diagram 
incorrectly imply particles below 0.1 µm are not fine particles whereas the fine particle fraction is 
defined to include all particles < 2.5 µm, including NPs. 
The nuclei, or NP mode, encompasses the size range of < 100 nm and these 
particles are formed from combustion processes or in homogenous nucleation of 
supersaturated vapours and the condensation of atmospheric gases into primary 
particles [16-22].  The accumulation mode encompasses the size range of 
approximately 100 to 1000 nm and are formed as primary particles and by coagulation 
of NPs and condensation of gases and vapours onto pre-existing particles of both the 
nuclei and accumulation modes [17-20].  
Together the nuclei and accumulation modes comprise the fine particle (PM2.5 - 
particles with aerodynamic diameter ≤ 2.5 μm) fraction [20, 21].  Fine particles are 
primarily derived from combustion processes such as petrol and diesel engines, wood 
and coal burning, and industrial processes such as smelting [19]. NPs are inherently 
unstable, and grow through coagulation and condensation to larger accumulation 
particles [18, 22]. PM2.5 is the particle size fraction capable of depositing deep in the 
lung, and includes the NP size fraction.   
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The coarse size fraction encompasses particles of greater than approximately 2.5 
μm and < 10 µm in diameter2, and are formed mostly by mechanical processes [18, 
21-23] such as wind and abrasion, suspension or re-suspension of dust, soil, or other 
crustal materials from roads, farming, mining, wind storms, and volcanoes. Ambient 
coarse particles chiefly contain soil and other crustal materials, and generally lack 
adsorbed chemicals, and also include sea salts, pollens, spores, moulds, and other plant 
parts [19, 23, 24].  Figure 2.2 illustrates the various definitions used to classify airborne 
particles according to size and some typical size ranges of particles from different 
sources.  
 
  Figure 2.2. Various definitions used to classify airborne particle according to size and some typical 
size ranges of particles from different sources [2] 
 
In summary, particle generation sources are diverse and affect the size of 
particles released and therefore understanding the source is critical for selecting 
appropriate measurement, sampling and analysis methods. 
                                                 
 
2 Particles  > 10 µm in diameter are unlikely to be inhaled to the respiratory system. Therefore, studies 
on health effects and exposure usually do not include particles  > 10 µm in diameter.  However, coarse 
particles > 10 µm in diameter are generated by mechanical processes. 
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2.4 RELEVANCE OF BOTH PARTICLE NUMBER AND MASS 
CONCENTRATION IN CHARACTERISING EMISSION OF, AND 
EXPOSURE TO, AIRBORNE PARTICLES 
As the ability to characterise the NP fraction of PM2.5 has increased, so too has 
concern about the potential health effects of NPs.  This concern relates to (i) the 
dominance of NPs in the aerosol, constituting up to 90% of the PNC of the aerosol [23, 
25], and more than 99% of the total PNC in the ambient atmosphere being < 300 nm 
in size [25, 26], (ii) NPs are the dominant contributor of particle surface area for an 
aerosol [3], (iii) very high deposition rate of NPs within the alveolar [23], (iv) the 
relatively large surface to volume ratio of NPs [23, 25], and (v) the resultant large total 
surface area of NP, enhancing toxicity per unit mass [3, 27-30], and thus providing 
more reactive sites with biological tissue [25].   
The counter argument to these concerns is that although NPs dominate the 
number concentration of particles in the atmosphere, they represent only a small 
relative proportion of mass in terms of PM2.5 and PM10  [27], and therefore contribute 
little by mass to an exposure [31].  
Although ambient particle matter is composed of particles with sizes ranging 
from several nanometres to 100 µm [32], most of the particles are in the submicrometre 
size because the predominant source of ambient particles is from combustion sources 
[32].  In contrast, particles arising from mechanical processes such as grinding and 
milling are likely to have a particle size mode dominated by larger supermicrometre 
particles [18].  The nuclei mode and the lower end of the accumulation mode account 
for most of the particle number concentration and surface area of an aerosol, whilst the 
upper end of the accumulation mode and the coarse particle mode account for a 
substantial part of the particle mass [17, 18, 20].  Therefore, dependent upon the source 
of the particle, characterisation of both particle number and mass concentration is 
relevant. 
Concern has been expressed in the literature that as NPs have a higher specific 
surface area per unit of mass than larger particles, and as surface area is a particle 
metric associated with NP toxicity, it is possible that characterisation by mass will lead 
to an underestimation of health effects [33].  For example, there can be hundreds of 
thousands of NPs in a cubic centimetre of urban air, but these account for a negligible 
fraction of the mass [17, 20].  While only one particle per cm3 with a diameter of 2.5 
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µm is sufficient to result in a mass concentration of 10 µg/m3, more than 2 million 
particles of a diameter of 0.02 µm are needed to obtain the same mass concentration 
[34]. Table 2.1 shows the inverse relationship between particle diameter versus 
PNC/surface area for particles of four ambient modes, assuming an airborne 
concentration of 10 μg/m3 unit density particles of each size [3].   
Table 2.1 
Particle number and particle surface area per 10 μg mg-3 airborne particles for four ambient 
diameter modes [3] 
Particle diameter (nm) Particle number (cm–3) 
Particle surface area 
(μm2/cm3) 
5 153,000,000 12,000 
20 2,400,000 3,016 
250 1,200 240 
5,000 0.15 12 
 
Table 2.2 shows the PNC, for a range of selected materials, required for a mass 
concentration of  0.1 mg/m³ to be reached at a given dimension of the particles (20, 
50, 100, 200 nm) [35]. 
The data in Table 2.2 shows that the PNC required to obtain a mass concentration 
of 0.1 mg m-³ is related to both the size and the density of a NP.  For example, for 200 
nm gold particles, a concentration of 1,236 of these particles per cm³ of air would result 
in a mass concentration of 0.1 mg m-³. However, for CNTs which have a lower density 
than gold, 217,029 particles are required for a mass concentration of 0.1 mg m-³.  The 
table also shows that the range in both the size of the NPs and their density over more 
than one order of magnitude results in a range in PNC of over five orders of magnitude 
[35].  
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Table 2.2 
Relationship of particle density to number and mass concentration [35] 
Name 
Density in 
kg m-³ 
N in cm-3 
at 
20 nm 
N in cm-3 
at 
50 nm 
N in cm-3 
at 
100 nm 
N in cm-3 
at 
200 nm 
CNT, 
commercial 
product 
110 217029 468 13 889 886 1 736 236 217 029 
Polystyrene 1 050 22 736 420 1 455 131 181 891 22 736 
CNT 1 350 17 683 883 1 131 768 141 471 17 684 
Fullerene 
(C60) 
1 650 14 468 631 925 992 115 749 14469 
Typical 
respirable 
dust 
2 500 9 549 297 611 155 76 394 9 549 
Titanium 
dioxide 
4 240 5 630 481 360 351 45 044 5 630 
Zinc oxide 5 610 4 255 480 272 351 34 044 4 255 
Cerium 
oxide 
7 300 3 270 307 209 300 26 162 3 270 
Iron 7 874 3 031 908 194 042 24 255 3 032 
Silver 10 490 2 275 809 145 652 18 206 2 276 
Gold 19 320 1 235 400 79 083 9 885 1 236 
N: particle number concentration required for attainment of a mass concentration of 
0.1 mg m-³ with particles of the stated size in nm. 
 
The measurement of particle mass concentration from an aerosol arising from a 
combustion process, using standard gravimetric methods as a marker of exposure, will 
not characterise the dominant primary particle number concentration as the weight of 
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these particles is below the precision of most mass analytical methods [12].  However, 
as discussed in the next section, agglomeration of primary particles allows particle 
matter to be reliably characterised utilising gravimetric methods. Indeed, the results of 
both real-time mass and PNC measurement methods can be correlated at certain 
particle size modes.  According to Ruuskanen et al. [17] daily PM2.5 concentrations 
were found to be poorly correlated with the UFP number concentrations of urban air 
pollution, but better correlated with the number concentration of accumulation (fine) 
particles.   
2.4.1 Particle agglomeration 
Agglomeration of NPs will result in spatial differences in particle size mode at 
the point of emission and points located away from emission point.  Drew and Hagen 
[36] reported that the NIOSH utilised field studies involving the measurement of 
aerosols emitted from various nanotechnology processes, and concluded the majority 
of emissions of ENPs tended to agglomerate and form aerosol structures that were 
larger than the current definition of a NP (i.e. < 100 nm) [37-40]. 
Results from airborne monitoring [41-43], indicate that due to agglomeration, 
exposure to primary nanoparticles in aerosols is expected to be low. Therefore, 
exposure to both sub- and supermicrometre particle size modes is likely.   
In a study of exposure levels of CeO2 NPs, Leppaenen et al. [44] generated 
primary particles in a size range of 20-40 nm inside an enclosure, and measured the 
average airborne mass concentrations of the particles at 320 and 66 μg m-3, inside and 
outside of an enclosure, respectively.  The authors concluded the particles were present 
mainly as chain-like aggregates (~500-1000 nm), supporting the notion that workers’ 
inhalational exposure to ENPs is potentially more likely to be to aggregates, rather 
than primary particles.   
Pauluh [45] concluded, following experiments in which rats were exposed by 
inhalation to MWCNTs, that the MWCNTs examined had a strong tendency to 
aggregate into microscopic bundles (assemblages), which in turn agglomerate loosely 
into small clumps that are mostly non-respirable. Although not defined in this article, 
a respirable particle is taken to be equivalent diameter of  ≤ 2.5 to 4 µm as such are 
capable of reaching deep into the alveolar region of the lung [46].  
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Drew and Hagen [36] caution against applying the application of the results of 
in vitro and in vivo studies to occupational exposure to particles, and in particular the 
relevance of particle agglomeration: 
Characterisation of the nanomaterial is often in a medium different from that 
to which humans are exposed. Occupational exposure is invariably to 
agglomerates and not the pristine nanomaterial that has been carefully 
characterised and tested in biokinetic or toxicological studies. Occupational 
exposure is always to agglomerates and not the primary nanoparticles and this 
agglomeration can change the toxicity. The extent to which nanomaterials de-
agglomerate after inhalation has not been determined. 
Therefore, it can be concluded from the literature that a variety of particle 
metrics, including particle number and mass concentration, are valid in order to 
characterise primary and secondary (agglomerated) particles in workplaces [47, 48].   
2.4.2 Ambient or background particles 
A major compounding factor to measuring airborne particles in most workplaces 
is the large diversity of NPs present in ambient atmospheres, the dispersion of which 
is dependent upon the ventilation characteristics of the workplace [12].  Ambient 
particle matter is an air suspended mixture of liquid and solid particles [19] that are 
not homogenous in particle size, shape, surface area, solubility, morphology, source, 
or chemical composition[17, 19, 49].  A multiplicity of particle sources [21, 23], such 
as power plants, motor vehicles, fires, soil erosion, volcanoes, industrial processes, 
residential wood heaters, windblown soil, pollens and moulds results in ambient 
particle matter being composed of particles with sizes ranging from several nm to 100 
µm [32].  Carbon in elemental form is major component of urban ambient particle 
matter [32], plus nitrates, sulfates, organic chemicals, metals, and soil and dust 
particles [14, 18, 21, 50].  
The normal background concentration of particles in a workplace environment 
can be of the order of 103 particles cm-3 of air resulting in extremely “noisy” 
measurements [51], cited in Harford et al. [52].  For example, Szymczak et al. [53], 
concluded electric motors (common at many workplaces) emit high numbers of NPs.   
Therefore, people are constantly exposed to particles both within and outside 
their work environment.  The ambient PNC of NPs can differ by orders of magnitude 
between locations.  Morawska et al. [54] found that the average concentration of 
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outdoor particles in the lower submicrometre range (average number median diameter 
of 40 nm) in the city of Brisbane, Australia, was 7.4 x 103 particles cm-3, whilst 
Oberdorster [55] recorded the normal background levels in urban atmospheres to be 1 
- 4 x 104 particles cm-3, with a mass concentration not greater than 2 µg m-3.  In 
addition, episodic increases in particle concentrations such as related to local traffic 
events can result in particle number and mass concentrations several orders of 
magnitude higher than the ambient concentrations [55].  
Because outdoor particles infiltrate work environments, and sources are also 
generated within work areas [27], their presence often interferes with the assessment 
of exposure to particles of specific interest [56].  Therefore, assessment of particle 
emission and exposure arising from nanotechnology processes must account for local 
background particle exposure.  Workplace monitoring of particles should include a 
range of parameters [52] and should also include characterisation of the background 
particle environment.  
The importance of differentiating background particles from particles of interest 
is considered to be of paramount importance during particle characterisation [57].  
Mark [12] states that unless outdoor sources of NPs (such as vehicle exhausts and other 
industrial emissions) are excluded or minimised from the workplace environment 
(using for example clean room conditions or high efficiency filters on the inlet air 
ducts), these ambient particles will penetrate indoors. This could result in 
overestimation of the levels of NPs emitted from the process under investigation.  
In summary, particles from the process of interest and background particles must 
be characterised. 
2.5 EXPOSURE-DOSE-RESPONSE PARADIGM FOR AIRBORNE 
PARTICLES 
The choice of which particle metric/s should be characterised and the associated 
measurement methods must be based upon principles of particle penetration and 
deposition to the lungs.  The ability of particles to cause a toxicological effect is 
influenced by the complexities of particle penetration, deposition, retention in regions 
of the lung, and clearance from the lungs.  This Exposure-Dose-Response paradigm is 
illustrated in Figure 2.3 and the related concepts of dose, penetration, deposition, 
clearance and biopersistence reviewed. 
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 Figure 2.3. Exposure-Dose-Response relationships of inhaled non fibrous and fibrous particle [15] 
 
Physicochemical properties of airborne particles important in generating a 
biological response following exposure to particles include: particle size [46, 58, 59], 
particle shape [46, 58, 59], particle concentration [60, 61], particle surface area [62-
64], reactivity/oxidant generation potential [58], surface functionalisation [58], 
solubility [19, 65] and biopersistence [36, 58, 66].  The evidence for these particle 
properties contributing adverse health effects is reviewed in section 2.9.  
The motion of airborne particles, including penetration and deposition in the 
lung, is governed by the size, shape, density, and surface characteristics of the particle, 
which is expressed in terms of aerodynamic diameter [46]. Aerodynamic diameter is 
the equivalent diameter of a standard-density (1000 kg m-3 or 1 g cm-3) sphere having 
the same gravitational settling velocity as the particle being measured [4].  Therefore, 
aerodynamic diameter for a given particle is the diameter of a spherical particle with a 
density equivalent to that of water (1 g cm-3) that would settle with same velocity as 
that of the particle [2]. This concept is illustrated in Figure 2.4. 
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 Figure 2.4. The aerodynamic equivalent sphere of an irregular particle [2]. de, ρp, Vts refer to particle 
diameter, density and terminal settling velocity, respectively.  
Aerodynamic diameter is most often used to predict where in the respiratory tract 
fine and coarse particles may be primarily deposited, because these particles move 
primarily by gravitational settling.  Particles with diameters < 0.3 μm move primarily 
by Brownian (diffusion) motion and therefore don’t have a gravitational settling 
velocity so other equivalent diameters are used such as electrical mobility equivalent 
diameter are used to characterise the particle size [4].   
Equivalent diameter refers to the practice of reporting the size of a particle of 
unknown composition or shape as if the particle had known composition and spherical 
shape [6].  The equivalent diameter of the particle is used to categorise the size 
fractions, and the definition of the particle diameter depends primarily on the 
measurement technique employed.  Therefore, particle size definitions depend upon 
observations of particle property or behaviour [4] as illustrated in Figure 2.5.  
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 Figure 2.5. Particle size definitions that depend on observations of particle properties or behaviour  
[4] 
Particles in the NP size range have a high probability of penetrating to the 
alveolar regions of the lung and diffusing across this large lung surface area [23, 29, 
67], with the efficiency of particle penetration and deposition to regions of the lung 
related to the particle size, shape, and density [46, 59]. For non-fibrous particles, only 
those with an equivalent diameter of ≤ 2.5 to 4 µm are capable of reaching deep into 
the alveolar region of the lung [32, 43, 46, 68].  The large surface area of the alveolar 
region allows the possibility of transfer of NPs to the blood stream [32].  
 Once deposited within the lung, the critical parameters for a particle to cause 
damage to the lung are the particle (chemistry) type, dose (amount), and durability 
(biopersistence), and then in addition for fibrous particles, the length (high aspect ratio) 
[3, 60, 66].   These effects on the lungs include pleural plaques, fibrosis, and lung 
cancer [66].  
Models of particle deposition in lungs, which include probability of particles 
being inhaled, such as the that published by the International Commission on 
Radiological Protection (ICRP), indicate that once inhaled, NPs will deposit in all 
regions of the lung, with the degree of deposition dependent upon particle size [69]. 
Five mechanisms, based upon size, govern deposition of particles in regions of the 
lung: inertial impaction, interception, diffusion, sedimentation, and electrostatic 
attraction [70]. Of these, the dominant deposition mechanism for supermicrometre 
particles is inertial impaction, whilst for NPs diffusion is the dominant mechanism 
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[70].  Figure 2.6 illustrates the major compartments of the human respiratory system 
and the corresponding particle deposition based on ICRP Human Respiratory Tract 
Model for Deposition in the Lung.     
 
  
 Figure 2.6. Major compartments of the human respiratory system and the corresponding particle 
deposition based on ICRP Human Respiratory Tract Model for Deposition in the Lung [71] 
 
Although other similar models of particle deposition in the lung are available, 
the ICRP model is commonly referenced in the literature.  The key concepts from the 
ICRP model include: 
 As size decreases, deposition decreases to a minimum (~10%) at 
around 0.4 µm meaning that these particles are very likely to be 
exhaled [46] 
 Deposition of non-fibre shaped particles with an equivalent diameter 
of < 100nm would be in the order of 10-40%, whilst penetration would 
be 100% [43, 46]  
 Of the particles that do penetrate to the pulmonary (gas exchange area) 
region, most are not deposited [46].  More specifically, 90% of 1 nm 
particles deposit in the nasopharyngeal region (labelled head region in 
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Figure 2.6), 10% in the tracheobronchial region (labelled conducting 
airways in Figure 2.6) and close to zero in the alveolar region (labelled 
gas exchange region in Figure 2.6), but for a 20 nm particle, 50% 
deposit in the alveolar region [12, 43]. 
 Most particles > 5 µm that penetrate the lungs are deposited [46] 
 At a breathing rate of 45 L/min (medium-heavy work), most particles  
> 10 µm are deposited in upper lung region (nasopharyngeal/trachea-
bronchial); at higher breathing rates deposition for smaller particles 
increases in this region [46] 
 Penetration to the bronchial region (as far as the terminal bronchioles)  
increases as particle size decreases below 10 µm with virtually all 
particles between 5 and 10 µm deposited in this region, if they reach 
this far,  for low to medium breathing rates [46] 
In contrast, deposition of fibres (a particle that is longer than it is wide) within 
the lung is governed predominantly by the actual fibre diameter [66], with density and 
length being of subsidiary importance.  Fibre diameter is important in deposition 
because of the central role it plays in defining aerodynamic diameter [66].  Only fibres 
with a physical (aerodynamic) diameter of 3 µm or less may deposit in the alveolar 
region, with the efficiency of deposition increasing with decreasing diameter [68].  
Length has little effect on deposition except when length is sufficient to cause 
interception of the fibre with the wall [66, 72] of the lung airways.      
Thus, a pathogenic fibre is one that is thin, long, and biopersistent and associated 
definitions of a hazardous fibre vary and includes:  
a) a fibre that is thinner than 3 μm, longer than approximately 10 to 20 μm, and 
biopersistent in the lungs, and not dissolving or breaking into shorter fibres 
[61, 73]; and  
b) particles with diameter < 3 µm, length > 5 µm, and aspect ratio (length to  
width) greater than or equal to 3:1 [74] .   
 If a particle exerts its toxicity regardless of its deposition site (i.e. it is absorbed 
and becomes a systemic toxin, or it causes local inflammatory effects) then all 
deposited particles become the dose.  However, if the effect is fibrosis in the alveoli 
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then the dose is related only to that amount of particle that actually penetrates to and 
deposits in that lung region [46]. 
Biopersistence, which is directly related to the chemistry of the particle surface, 
is a critical property for induction of particulate- and/or fibre-like responses in the lung 
[36].  As a result of studies comparing asbestos and the vitreous fibres, biopersistence 
emerged as a key explanatory attribute for discriminating between carcinogenic and 
non-carcinogenic long fibres [60]. Biopersistent fibrous particles also cause lung 
fibrosis, for example asbestos fibres [60, 66] cause asbestosis.  Biopersistent non-
fibrous particles can also cause specific lung fibrosis, for example crystalline silica is 
a fibrogenic particle that causes silicosis [60].   
 Dose is also critical not only in terms of a threshold dose deposited within the 
lung, but also the effective dose which is governed by clearance and translocation and 
patho-biological mechanisms and response seen at the tissue and cell level, in the lungs 
and beyond [60, 61]. For example, once deposited within the lung, length is a critical 
parameter for fibre toxicity because long fibres (>20 μm) are less likely to be 
effectively phagocytosed within the alveoli and therefore retained for longer at the site 
of deposition [66, 72].  The carcinogenic potential of fibrous particles increases with 
a decrease in fibre diameter, and decreases with a reduction in length [72].   
According to the commonly termed “toxic fibre paradigm” [66], biopersistent 
fibres with high aspect ratios are unable to be effectively phagocytosed by lung 
macrophages, resulting in “frustrated” phagocytosis.  This is illustrated in Figure 2.7. 
As a result, a cascade of inflammatory responses occurs culminating in fibrosis of the 
lung parenchyma (walls as well as the blood vessels and the bronchi tissue).   
Importantly, geometry of the fibre, not chemical composition (except so much as to 
impart biopersistence), is the most important toxicological property.  Evidence for 
such is that the toxic fibre paradigm includes fibres composed of diverse chemistry 
such as asbestos minerals, vitreous and ceramic fibres, and organic fibres.   Fibres that 
are not effectively cleared from the lungs can move to the pleural space where their 
length prevents effective clearance, which can then result in inflammation, pleural 
effusion, and genotoxic effects on mesothelial cells, with a serious example being 
mesothelioma caused by asbestos fibres [61, 66].  
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 Figure 2.7. Diagram illustrating a pathogenic fibre according to the toxic fibre paradigm [66] 
In summary, particle size and shape have important implications for the effective 
particle penetration and deposition into the lungs, and therefore measurement methods 
chosen for risk assessment must reflect this. 
2.6 METHODS USED TO CHARACTERISE AIRBORNE PARTICLES 
AND EXPOSURE 
Airborne particles can be characterised using a variety of real-time and off-line 
methods.  In keeping with the objectives of this PhD study, the following review of 
the literature on sampling methods is structured around whether the 
instrumentation/method meets the criteria of being relatively inexpensive, portable and 
easy to use. 
Kuhlbusch et al. [57] reviewed 25 peer reviewed studies from the scientific 
literature and concluded there is a lack of a harmonised approach concerning 
measurement strategies and techniques, metrics, size ranges, and data analysis 
procedures. These authors concluded the measurement strategy should be related to 
whether the study question was personal exposure related, process related, or linked to 
toxicological and epidemiological questions.  Four basically different approaches were 
described –  
 Time series approach 
 Spatial approach 
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 Approach based on comparative studies with and without the 
nanomaterial 
 Size resolved chemical and/or morphological analysis. 
Traditionally, the measurement of an aerosol in workplace environments has 
been based upon size selective sampling processes such as weight (mass) or fibre 
counting analytical techniques.  Commonly, the measurement of airborne toxic 
substances in occupational settings has been through the use of instruments that 
measure the mass of the toxic agent per volume of air, e.g. mg m-3, or volume of the 
toxic agent per volume of air, e.g. ppm, with the regulation of airborne toxic agents 
using exposure standards expressed in the same terms [52].  The exception to this has 
been with aerosols formed from fibrous material such as asbestos where measurement 
is based upon fibre counting methods [12, 75].  Health-related aerosol fractions have 
been defined relating to the probability of penetration of airborne particles to various 
anatomical regions of the respiratory system and to provide specifications for the 
performance of sampling instruments [12].   
There is strong agreement in the literature [12, 26, 52] that mass, or at least mass 
on its own, is not an adequate metric for evaluating exposure to NPs. Properties such 
as surface area and activity [8, 12, 52, 75], particle number concentration [12, 75], or 
fibre aspect ratio and length [75], are considered to be better metrics of exposure to 
NPs than mass.   
Particle size, both within the general atmosphere and workplace environments, 
can range from a few nanometers to several micrometers [76].  Although 
concentrations of NPs can be elevated at workplaces that utilise combustion processes 
when compared with the ambient atmosphere, these elevated concentrations provide 
the environment for agglomeration to larger sized particles, often to an order of 
magnitude or greater [55].  Therefore, several instruments should be used concurrently 
to characterise an aerosol as no single instrument is capable of measuring over a size 
range of such order of magnitude.   
2.6.1 Review of methods commonly used to sample and analyse airborne 
particles 
A review of sampling instrumentation and analytical methods referenced in the 
literature for characterising airborne particles arising from nanotechnology processes, 
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in terms of size, morphology, mass concentration, number concentration and surface 
area, is described, including limitations, in Table 2.3. The review was limited to 
nanotechnology processes because this area dominates the literature of the last 10 years 
in relation to characterising airborne NPs in workplace environments. However, as 
outlined earlier in this literature review, the principles of particle formation and 
transportation mean these methods are applicable to other sources of particles 
generated in workplace environments.   
Table 2.3 
 Review of aerosol measurement and related methods, related to nanotechnology, reported in the 
literature 
Instrument/Device/ 
Method 
Brief description of operating 
principle and capabilities, plus 
limitations. References for text 
include those listed in column 4.   
Metric 
Specific literature 
that reported using 
this 
instrument/method 
for assessment of 
nanotechnology 
processes 
Area Sampling 
Condensation 
Particle Counter 
(CPC) 
Real-time particle number 
concentration (PNC) 
measurements between 
approximately 10 nm  and 
approximately 3 µm, dependent 
upon the specific device.  Some 
devices are hand-held and battery 
operated. Particles too small to 
scatter light (approximately 
<300nm) are grown to a larger 
size by condensation of either an 
alcohol or water.  The larger 
droplets are then counted by a 
laser technique.  Counts all 
particles in aerosol but not size 
specific.  Counting efficiency 
decreases with particle size. 
Particle 
Number  
Concentration 
[67] [47], [77], [40], 
[39],  [78], [79], [80], 
[81], [82], [83], [84], 
[85], [86], [41], [43], 
[37], [44] 
Electrical Aerosol 
Detector (EAD) 
Measures particle concentration 
as a function of time, and mean 
diameter of aerosol (when 
combined with a CPC). Particles 
larger than 1 µm are typically 
removed using a cyclone.  
Diffusion charging of particles 
than occurs, followed by 
detection of the particle charge 
via an electrometer. 
Total aerosol 
length 
concentration 
(mm/cm3) 
[87] 
Electrical Low 
Pressure Impactor 
(ELPITM) 
Real-time size-selective 
measurement of size distribution 
or active surface area, and particle 
number concentration. Sensitive 
to 6-7 nm to 10µm.  Size selected 
samples may be further analysed 
off-line. The operating principle 
Particle number 
concentration 
and size 
distribution 
in real-time.  
(Data may be 
interpreted in 
[47], [57], [80], [37], 
[44] 
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Instrument/Device/ 
Method 
Brief description of operating 
principle and capabilities, plus 
limitations. References for text 
include those listed in column 4.   
Metric 
Specific literature 
that reported using 
this 
instrument/method 
for assessment of 
nanotechnology 
processes 
can be divided into three major 
parts: particle charging in a 
unipolar corona charger, size 
classification in a cascade 
impactor and electrical detection 
with sensitive electrometers.  
Because particles tend to de-
agglomerate with increasing 
pressure difference across an 
orifice, low pressure impactors 
may lead to significantly artificial 
change of the particle size 
distribution in the measuring 
device.  Particles are collected on 
filters that can be analyzed 
gravimetrically or chemically. 
terms of aerosol 
mass 
concentration 
but only if 
particle shape 
and density are 
known) 
Mobility particle 
sizers/spectrometers 
such as Scanning 
Mobility Particle 
Sizer (SMPS) and 
Fast Mobility 
Particle Sizers 
(FMPS) 
 
SMPS - Real-time (electrical 
mobility diameter) measurement 
of aerosol size distribution – 
interpreted as number 
concentration or surface area 
concentration.  Counts particles 
with a CPC after they have been 
separated into numerous size 
channels.  Size range 2.5 to 
1000nm. Fastest scanning speed 
is approximately 3 minutes which 
is suitable provided that the 
process being monitored does not 
change within this timescale.  In 
addition, the time resolution of 
several minutes required for 
SMPS limit its application for 
situations where size distributions 
may vary over the space of 
seconds in time {Kuhlbusch, 
2011 #79}. 
FMPS -  a hybrid between the 
ELPI and SMPS and calculates 
sizes and numbers based on 21 
electrometers and mathematical 
software. Limited to 
measurements at relatively high 
number concentrations.  Size and 
complexity of use limit ready use 
at workplaces.  Using particle 
detection principles based upon 
electrical mobility, variability in 
measurement accuracy is stated in 
the literature in relation to non-
spherical particles {Kuhlbusch, 
2011 #79} for these instruments.    
Particle number 
concentration 
and size 
distribution 
in real-time.   
Mass (Data may 
be interpreted in 
terms of aerosol 
mass 
concentration 
but only if 
particle shape 
and density are 
known) 
[88],  [33], [47], [33], 
[77],  [79], [80], [57], 
[81] [82], [84], [85] 
[78], [41], [64], [89], 
[90], [91], [91], [87], 
[41], [44], 
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Instrument/Device/ 
Method 
Brief description of operating 
principle and capabilities, plus 
limitations. References for text 
include those listed in column 4.   
Metric 
Specific literature 
that reported using 
this 
instrument/method 
for assessment of 
nanotechnology 
processes 
Aerodynamic 
Particle Sizer (APS) 
Real-time aerodynamic 
measurements of particles. For 
example the TSI model 3321 
sizes particles from 0.5 to 20 µm, 
and counts particles from 0.37 to 
20 µm using a light-scattering 
technique. 
Particle number 
concentration 
and size 
distribution 
in real-time.   
[88], [33], [84] 
Optical Particle 
Counter (OPC) 
Real-time number concentration 
measurement of particles larger 
than approximately 300 nm and 
up  to 20 µm in diameter. Based 
on light scattering equivalent 
diameter. 
Particle number 
concentration 
displayed as 
size distribution 
ranges  
 
[40], [39], [83], [85], 
[86] [78], [43] 
Impactors – micro-
orifice uniform-
deposit impactor 
(MOUDI) 
Divide particles into a series of 
different size fractions by 
impacting smaller and smaller 
particles as the aerosol flow is 
passed over a substrate. High 
flow rate and low pressure drop 
can cause changes in aerosol 
particle size, for example de-
agglomeration of particle 
agglomerates can occur.   
Mass 
concentration 
size distribution 
[43] 
Diffusion Charger Real-time measurement of aerosol 
active surface-area.  Diffusion 
charging of sampled particles, 
followed by detection of charged 
particles using an electrometer. 
Surface Area [33], [80], [67], [87], 
[78], [43], [37] 
Nanoparticle Surface 
Area Monitor 
Real-time measurement of the 
lung deposited surface area, of 
particles < 1000 nm. Diffusion 
charging of sampled particles 
followed by detection of charged 
aerosol using electrometer.  The 
lung deposited surface area of 
particles < 1000nm is obtained by 
weighting the geometric surface 
area as a function of particle size 
with the deposition efficiency for 
a lung region.  For the TSI 
Aerotrak model 3550 and 9000  
the amount of charge on particles 
charged with unipolar positive 
ions by diffusion is proportional 
to the surface area of lung-
deposited particles based on the 
human lung deposition models for 
a reference worker,  published by 
the International Commission on 
Radiological Protection (IRCP) 
1995 {Fissan, 2007 #82}. 
Diffusion chargers {Kuhlbusch, 
2011 #79} and Nanoparticle 
Lung deposited 
surface area 
concentration 
[67], [92], [93], [87] 
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Instrument/Device/ 
Method 
Brief description of operating 
principle and capabilities, plus 
limitations. References for text 
include those listed in column 4.   
Metric 
Specific literature 
that reported using 
this 
instrument/method 
for assessment of 
nanotechnology 
processes 
Surface Area Monitors (NSAM) 
{Fissan, 2007 #82;Asbach, 2009 
#80} are referenced in the 
literature as being used to 
characterise particle surface area 
and lung deposited surface area 
respectively.  The accuracy of 
diffusion charger based surface 
area monitors, such as the TSI 
Nanoparticle Surface Area 
Monitor model 3550 and 
Aerotrak 9000, is stated to be in 
the size range of approximately 
20 nm to 400 nm {Asbach, 2009 
#80;Asbach, 2009 #80}.  The 
upper size limit of accuracy at 
400nm reflects the use of the 
ICRP lung deposition model to 
weight the instrument response 
where the ICRP model shows a 
minima of the deposition curves 
at the 400nm size.  Particle lung 
deposition increases on either side 
of this minima on the lung 
deposition curve.  Therefore  even 
a small number of  particles > 400 
nm can have a significant 
contribution to total surface area 
causing significant errors in the 
lung deposited surface area 
estimate of the device 
{Kuhlbusch, 2011 #79;Asbach, 
2009 #80}.  Because a pre-
separator for the 400nm cut-point 
is not available, only lung-
deposited surface area 
concentrations of aerosols with no 
significant surface contribution 
above 400nm can be accurately 
measured using these devices 
{Asbach, 2009 #80}. 
Tapered Element 
Oscillating 
Microbalance 
(TEOM®) 
Real-time monitors used e to 
measure particle mass 
concentration on-line with size 
selective inlets 
Particle Mass [67], [92], [93], [87] 
Electrostatic 
precipitators 
Deposition of particles onto a 
sampling substrate.  Can 
efficiently sample particles > 20 
nm. A subject aerosol is routed 
through a flow channel within 
which an intense electrical field 
has been created.  Any particles 
that are charged, when they 
Particle 
deposition for 
later 
morphological 
and chemical 
analysis 
[94], [95], [84], [39], 
[47], [40], [82], [84], 
[85], [88], [33], [96], 
[41], [97] [41] 
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Instrument/Device/ 
Method 
Brief description of operating 
principle and capabilities, plus 
limitations. References for text 
include those listed in column 4.   
Metric 
Specific literature 
that reported using 
this 
instrument/method 
for assessment of 
nanotechnology 
processes 
encounter the electrical field, drift 
within the electrical field toward a 
collection plate.  Collection of 
particles for morphological and 
chemical analysis can be 
performed so as to provide 
additional data on particle 
emission and exposure to that 
provided by real-time 
measurements.  Most are bench 
top models thereby limiting their 
effectiveness in workplace 
measurements in particular within 
the breathing zone of workers.  
The exception to this was the 
work being conducted by Miller 
et al. {Milller,  #78} to develop a 
hand-held electrostatic 
precipitator.  The ideal 
precipitator would achieve 100% 
uniform deposition of the 
particles onto the sampling 
medium.  Increasing the charge of 
the instrument increases the 
deposition of larger particles and 
increasing the flow decreases the 
residence time of the particles in 
the device, thereby decreasing 
sampling efficiency for larger 
particles {Ki Ku, 2005 #81}.   
Therefore, knowledge of the 
likely particle charge and size will 
assist with choosing an 
appropriate flow rate and voltage 
so as to maximise particle capture 
and deposition.  However, such 
information is commonly not 
known for the aerosol of interest.   
Photometers Aerosol photometers, for example 
TSI DustTrak, using the principle 
of light scattering of particles, are 
used to characterise (estimate) 
mass of particles in size range of 
approximately 0.1 to 10µm.  
Measurement accuracy is reduced 
where the optical properties of the 
aerosol differs markedly to that of 
the particle used to calibrate the 
instrument {Kuhlbusch, 2011 
#79}.  Mass concentration is 
inferred via the signal provided 
by a photometer. 
 
Mass estimate [80], [83], [84], [85], 
[41], [37] 
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Instrument/Device/ 
Method 
Brief description of operating 
principle and capabilities, plus 
limitations. References for text 
include those listed in column 4.   
Metric 
Specific literature 
that reported using 
this 
instrument/method 
for assessment of 
nanotechnology 
processes 
Transmission 
Electron Microscope 
Off-line analysis of particle 
shape, morphology and size. 
Frequently used EDX analysis for 
chemical characterization of the 
sample.  Expensive, requires 
highly trained technicians, only 
small fraction of sample analysed. 
Morphology 
and chemical 
content 
 [33], [40], [39],  
[84], [85], [86], [78], 
[43], [37], [44] 
Scanning Electron 
Microscope 
Off-line analysis of particle 
shape, morphology and size. 
Frequently used with EDX 
analysis for chemical 
characterization of the sample. 
Particles smaller than 
approximately one nanometre 
require use of TEM.  Expensive, 
requires highly trained 
technicians, only small fraction of 
sample analysed. 
Morphology 
and chemical 
content 
[47], [82], [41], [44] 
Off-line chemical 
analysis 
Off-line analysis of elemental 
composition.  Particles collected 
using methods such as impactors 
or filter membranes.  Can include 
EDX, or range of other methods 
such as NIOSH Manual of 
Analytical Methods (NMAM) 
Method 7303 for metals. NMAM 
Method 5040 can be used to 
quantify the amount of 
carbonaceous material using 
proton-induced X-ray emission 
(PIXE) spectrometry.  
Elemental 
composition  
[47], [39], [98], [85], 
[64, 86] 
Phase contrast 
microscopy (PCM) 
and polarized light 
microscopy (PLM) 
Particle size, shape and count are 
performed using light optical 
microscopes.  Limit of resolution 
of particles is approximately 
0.2µm diameter.  
Particle shape, 
size, surface 
characterisation, 
count 
[85] 
    
Personal sampling 
NanoTracer Real-time personal or area 
monitoring of particle number 
and average particle diameter in 
size range of 10 to 300 nm.  
Number 
concentration 
and average 
particle 
diameter 
[99], [100], [101] 
Personal 
Nanoparticle 
Respiratory 
Deposition (NRD) 
Sampler 
Full-shift personal sampler 
designed to collect particles with 
efficiency matching respiratory 
tract deposition of particles < 300 
nm in diameter. Subsequent 
chemical analysis of the particles 
< 300nm deposited on the 
collection media of the NRD 
sampler allows for 
characterization of these 
Mass of 
particles < 
300nm diameter 
[88] 
 Chapter 2: Literature Review 49 
Instrument/Device/ 
Method 
Brief description of operating 
principle and capabilities, plus 
limitations. References for text 
include those listed in column 4.   
Metric 
Specific literature 
that reported using 
this 
instrument/method 
for assessment of 
nanotechnology 
processes 
particles apart from larger 
background particles. Consisting 
of a respirable sampler and 
impaction plate so as to remove 
particles larger than 300 nm, and 
a deposition stage where the 
remaining particles deposit onto 
nylon mesh screens. 300 nm size 
matches the minimum deposition 
for submicrometre particles based 
upon the ICRP lung deposition 
curve {International Commission 
on Radiological Protection, 1994 
#89}.  The sampler is lightweight 
(60 g), fits in a standard lapel 
mount (model 225-1, SKC Inc., 
Eighty Four, PA) and operates at 
an airflow rate (Q) of 2.5 LPM 
with a pressure drop of 3.54 kPa 
(14.2 in. H2O). The sampler can 
be used with a commercially 
available belt-mounted sampling 
pump for the duration of a work-
shift. 
IOSH-NCTU 
Personal 
Nanoparticle 
Sampler (PNS) 
Respirable cyclone and micro-
orfice impactor for classifying 
respirable particle matter and 
nanoparticles. The PNS operates 
at 2 L/min with a pressure drop of 
125 cm H2O by a SKC XR 5000 
pump. The PNS consists of a 
respirable cyclone and a micro-
orifice impactor (137 x 55 
micrometer nozzles) in series for 
classifying respirable particulate 
matter (RPM) and NPs, 
respectively. The impactor plate 
is rotated by a stepper motor to 
deposit particles uniformly on the 
substrate. A final filter is used to 
collect NPs. 
Personal 
sampling of 
respirable 
particle mass 
and 
nanoparticles 
[96] 
Both area and personal sampling 
Filter membrane 
and a sampling pump  
Collection of particles onto 
various filter membranes such as 
quartz, mixed cellulose ester, for 
off-line analysis such as 
gravimetric mass, morphological, 
and chemical analysis. 
Mass, 
morphology, 
chemical 
analysis 
[47], [40], [39],  [85], 
[86], [78], [43], [37] 
 
It is evident from the variety of methods described  in Table 2.3 that consensus 
has not yet been reached regarding which particle metric/s and sampling methods 
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should be used to characterise aerosols arising from nanotechnology processes.  This 
is partly because it has not been agreed how these particle metrics reflect disease risk.   
The results summarised in Table 2.3 highlight a mixture of relatively simple, as 
well as complex particle measurement techniques, both real-time and off-line, and 
studies that reported the use of these techniques. A similar review of measurement 
methods was conducted by Kuhlbusch et al. [57]. 
Most common in these studies was the characterisation of particle number and 
mass concentration, mostly as area sampling which involves sampling airborne 
concentrations of particles at fixed locations [46].  In contrast, personal exposure 
sampling involves sampling of airborne concentrations of particles in the location of 
the breathing zone which is defined as the zone approximately 300mm from 
mouth/nose [46].  The concepts of personal and area sampling reflect the fact that 
spatial variability of airborne particle concentrations within a defined work area 
influence the actual exposure of people.   
Review of the literature in relation to nanotechnology processes reveals only a 
small number of studies using the measurement of particle concentration within the 
breathing zone, i.e., personal exposure to the NP size mode of nanomaterial aerosols. 
This is because of the lack of availability of small and portable instruments that can 
exclusively measure NPs and be readily used within the breathing zone of workers.  
Therefore, the literature is dominated by static or area measurement results.    Although 
options for personal sampling are limited by the non-portability of the majority of 
current instrumentation, the results of area monitoring are often discussed in terms of 
the potential for an emission to cause exposure. 
Three devices designed to characterise personal exposure within the breathing 
zone to particles < 300 nm in size were identified in the literature.  The first is the 
Aerasence NanoTracer that can be used to provide both real-time particle 
concentration and average particle diameter data in the size range of 10 to 300 nm.  
The second is the Personal Nanoparticle Respiratory Deposition (NRD) Sampler 
designed for full-shift personal sampling of particles with a sampling efficiency 
matching respiratory tract deposition of  particles < 300 nm in diameter.  The third is 
the IOSH-NCTU Personal Nanoparticle Sampler described by Liu et al. [96] as 
consisting of a respirable cyclone and micro-orfice impactor for classifying respirable 
particle matter and nanoparticles.   
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Because these devices have only become available since 2010, there are 
relatively few references in the literature describing the actual use of the devices. 
Studies published in the literature include: Marra [99], Marra et al. [99], and van 
Broekhuizen et al. [101] for the Nanotracer; Cena et al. [88] for the NRD; and Liu et 
al. [96] for the IOSH-NCTU Personal Nanoparticle Sampler.    
In summary, the most common types of real-time measurement described in the 
literature for actual studies of aerosols emitted from nanotechnology included CPCs, 
SMPS, OPC, and photometers.  The most common off-line analytical technique was 
the electron microscope used in conjunction with EDX, and particle collection using 
filter and pump methods. 
2.6.2 Factors influencing the comparability of data from different real-time 
particle measurement instrumentation 
In general caution is required in analysing the particle measurement data 
recorded by real-time instruments because of factors such as  the particles used to 
calibrate the instrument, and the upper and lower measurement parameters.  Particle 
number and mass concentration in real time was identified in Section 2.6.1 as the most 
common particle metric reported in the literature for characterising airborne particles 
emitted from nanotechnology processes.  As the aim of this PhD study is to design a 
method that can be used at the workplace level to measure aerosol emission, including 
NPs, a review of factors that limit the comparability of data recorded by real-time 
instruments, with a particular focus upon portable photometers, OPCs and CPCs is 
outlined below. 
Particle used to calibrate the instrument 
Real-time particle measurement instruments such as CPCs, OPCs and 
photometers are calibrated using specific aerosolised substances such as NaCl, 
monodisperse polystyrene latex (PSL) aerosols or Arizona road dust [102].  The 
response of the instruments is strongly dependent upon particle shape [48, 67], 
solubility [67], and hygroscopicity [67], and refractive indices [39, 48] within the 
aerosol.  The response of the instrument will vary where the properties of the aerosol 
being studied differ significantly to that of the calibration particle.  For example, 
spherical particles are used to calibrate the NSAM [67] and mobility particle sizers 
[77] and each instrument may react differently, not only to changing particle 
concentrations but also to different morphologies and materials [77].  Where the 
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density and hygroscopicity of the particles being investigated differ significantly to the 
particles used in determining the ICRP lung deposition curves, the response of the 
NSAM will vary [67]. Also, differences in the counting efficiency of each instrument, 
coupled with different refractive indices of particle matter, make direct comparisons 
across instruments difficult [39].  For eample, an OPC will erroneously report particles 
as having smaller diameters than the actual diameter if the dominant particle refractive 
index of the aerosol is lower than that of the calibration particle because the aerosol 
particle will scatter less light than the calibration particle of the same diameter [48, 
102].  
Upper and lower particle size range of the instrument 
Instrumentation with different particle measurement size ranges will record 
differing particle concentration where there is significant difference in particle size in 
the non-overlapping range of the instruments [77].  For example, where the PNC 
exceeds the upper limit of a CPC, an underestimation of the true PNC will occur [39].  
The difference in maximum and minimum particle diameter able to be measured by 
selected CPCs is outlined in Table 2.4 [103]. 
Table 2.4 
 Maximum and minimum particle diameters able to be measured by selected CPCs [104] 
CPC 8525  3007  3783  3772  3787  3790  3776  3788 
D50 Min. Size 
(nm)  
20nm 
 
10nm 
 
7nm 
 
10nm 
 
5nm 
 
20nm 
 
2.5nm 
 
2.5nm 
 
Max size (μm) 1μm 
 
1μm 
 
3μm 
 
3μm 
 
3μm 
 
3μm 
 
3μm 
 
3μm 
 
Max. 
Concentrat-
ion 
(particles/cm3) 
5 x 105  1 x 105 1 x 106 1 x 104 2.5 x 104 1 x 104 3 x 105 4 x 105 
Accuracy (%) N/A ±20 ±10 ±10 ±10 ±10 ±10 ±10 
Working fluid Isoprop-
anol 
Isopr-
opanol 
Water  Butanol Water  Butanol Butanol water 
 
Morawaska et al. [105] reported the difference in particle number size 
distribution obtained from operating two different SMPS systems simultaneously to 
the same particle environment.  In this study, the SMPS 3934 system operated on a 
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particle size window of 15-698 nm while the SMPS 3936 was set at 3-160 nm.  The 
result was that the 3934, whilst counting particles to a larger size, had less particle 
detection efficiency at the lower end of the window and was unable to detect the 
complete nucleation mode centred at about 18 nm.  There was a difference in the CMD 
of both SMPS with CMD of 59.5 nm and 24.9 nm for the SMPS 3934 and 3936, 
respectively.  The authors concluded this large difference to be a direct result of 
different size detecting ranges employed, illustrating the importance of caution when 
comparing results from various instruments.   These differences are significant if the 
aerosol being studied has a significant nucleation component.   
Limitations of counting pulses of light scattered from particles 
Photometers, OPCs and CPCs all measure airborne particle concentration in 
real-time. A description of the how these instruments operate was provided in Table 
2.3.  These three instruments all have in common the use of an optical wavelength of 
light to count pulses of light scattered from particles collected and delivered to the 
instrument chamber illuminated by the light source. When particles scatter light, the 
photo detector identifies the flash of light, and converts it to an electric signal, or pulse 
[106]. An amplifier converts the pulses to a proportional control voltage, which is 
converted into a data output such as PNC or PM concentration. If the light source is 
incandescent, such as a laser diode light source, particles can be detected down to 0.3 
μm in diameter, and down to 0.05 μm in diameter for laser sources [46].  Therefore, 
photometers such as a DustTrak do not measure mass concentration directly, i.e.  not 
gravimetrically because the mass concentration recorded by the instrument is inferred 
via the signal provided by a photometer, with the accuracy of the instrument response 
influenced by factors described below.  However, the response of a photometer to 
aerosols can be utilised to estimate particle mass concentration relative to background 
particle concentrations.   
Photometers use conventional light-scattering technology to estimate particulate 
mass concentrations and typically measure particle size ranges from 0.1 to 10 μm 
diameter [107]. Photometers cannot detect particles below 0.1 μm because the particles 
are too small to scatter detectable quantities of light [107].  
Optical particle counters measure particle size and number concentration by 
detecting the light scattered from individual particles within a size range typically 0.3 
to 20 μm diameter [107].  Condensation particle counters measure particle number 
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concentration by enlarging very small particles to an optically detectable size, with a 
measured size range typically from below 0.02 μm to above 1.0 μm diameter [107]. 
Limitations of light scattering methods include: 
 Airborne particles smaller than the wavelength of the light used by the 
instrument are not recorded by the instrument [105]   
 Different shaped particles scatter a different amount of light. Particles 
are seldom smooth and spherical like the PSL particles used in particle 
counter calibrations. Often, particles are irregularly shaped fibres. 
When they pass through the viewing volume sideways, they will 
scatter a different amount of light than if they travel through 
lengthwise [106]  
 The albedo (reflectivity) of the particle: Some particles are more 
reflective (e.g., aluminium) than others, which causes more scattered 
light onto the photodetector. The photodetector produces a larger 
pulse and the particle counter thinks the particle is larger than its actual 
size. Conversely, some particles are less reflective (e.g., carbon) and 
the particle counter thinks a smaller particle passed through the 
viewing volume [106]. 
Humidity, ambient temperature and hygroscopicity 
The results of studies of the performance of three CPCs concluded that the 
minimum detectable particle diameter of the instruments can be influenced by 
interaction of three variables - the relative humidity of the aerosol [108],  ambient 
temperature [81, 108], and hygroscopicity [108] of the particles.  To enhance 
interpretation of the results of comparative studies, characterisation of relative 
humidity and temperature should be concurrent, and reported, when characterising 
particle metrics. 
Solubility of the particle 
A CPC enlarges particles to sizes detectable by optical wavelengths by first 
condensing a low vapour pressure material, typically water, butanol or propenol, onto 
the original particle in the gas phase [105]. The response of a water-based CPC to both 
n-butanol and propanol has been the subject of several studies [81, 109, 110], all 
concluding that the solubility of the sampled particles to the condensation fluid played 
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an important role in the detection efficiency of the instruments.  Biswas et al. [111] 
compared the response of butanol and water based CPCs to various aerosols generated 
in a laboratory and concluded the detection efficiency of the water based CPC was 
greatest for the smallest particles when water soluble particles were present in the 
aerosol. 
Principle of operation of the instrument 
Although a range of instruments will provide what appears to be on face value 
the same particle measurement data, for example PNC, comparison of such data is not 
straightforward because of fundamental differences in how the instrument operates.  
Schmoll et al. [48] compared the PNC results of particles within the fine size mode 
obtained using a CPC and OPC with those from SMPS measurements to verify the 
accuracy of the PNC determined by an OPC and CPC. These authors concluded 
particle optical properties such as refractive index and shape have a greater effect on 
the OPC, therefore seriously affect OPC measurement accuracy. Therefore, although 
both instruments overlapped in the particle bin size of 300 to 1000 nm, the PNC results 
are not directly comparable.   
Halliburton et al. [112] compared the response of identical model OSIRIS 
nephelometers, one with a heated aerosol inlet and one without, and concluded 
significant reduction in the particle mass recorded by the instrument with the heated 
inlet.  
Heim et al. [102] compared the response of three different models of OPC to the 
same aerosol and concluded differences in recorded PNC were related to factors such 
as the electronic circuit used, and the angle and intensity of the light used to scatter 
light reflected from the particles to the electronic particle counting conversion 
circuitry.  
Park et al. [113] reported a P-Trak CPC under reported PNC in extremely high 
concentrations such as near the die-casting machines or when a gas oven was open due 
to coincidence errors. The authors reported the literature identified that in high particle 
concentration environments the P-Trak can experience coincidence errors, i.e. more 
than one particle can pass through the sensing region at a time and then can be counted 
as a single particle.  
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In summary, the concurrent use of instrumentation such as a CPC, OPC and 
photometer provides an opportunity capture particle data that may have otherwise not 
been recorded by use of a single instrument only, due to one or more of the instrument 
limitations outlined above. However, a number of factors are responsible for 
introducing a degree of uncertainty regarding the absolute aerosol concentration values 
provided by real-time instrumentation, meaning conclusions regarding particle 
exposure and emission must incorporate these factors.  
2.6.3 Qualitative and quantitative analysis of time-time series data 
The literature regarding qualitative and quantitative analysis of time-series data 
is reviewed in the following section of this thesis.  Consensus is evident in the literature 
that time-series data provides excellent information on peak exposure and patterns of 
exposure to airborne particles, including NPs [12, 39, 40, 75, 84, 114-116].  Brouwer 
et al. [114] concluded geometric mean and geometric standard deviation are the most 
common used summary statistics and arithmetic mean or peak concentration data are 
also relevant.  
An often used statistical test of the difference between the mean particle 
concentration between different sampling episodes is the standard t-test [46] and the 
use of the t-test for evaluating the mean difference of time-series airborne particle 
concentration data is reported in the literature [113, 117].  However, a number of 
authors [114, 115, 118] caution the statistical method utilised must account for likely 
autocorrelation present in time-series data. Brouwer et al. [114] argue autocorrelation 
is a predictable outcome because real-time instrumentation, used to monitor 
workplaces for aerosol concentrations, generates a sequence of measurements over 
time with instrument averaging times commonly ranging from 1 second to 3 minutes. 
As such, the autocorrelation between these short measurement periods violates the 
assumption independence between observations that is fundamental to the t-test [115].  
Entink et al. [115] indicate the problem with using the t-test for evaluating the 
mean difference of time-series data includes: (i) the mean of a time-series only has a 
substantial interpretation when the time series is stationary, i.e. there is no trend in the 
data and the time series is a random fluctuation around the mean, and (ii) 
autocorrelation in the measurement data leads to underestimation of the variance in the 
data, resulting in the test statistic (p-value) of the t-test being biased.  
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Brouwer et al. [114], Entink et al. [115], and Houseman et al. [118], argue that 
as time-series data are often non-stationary, a time series analysis method such as the 
auto-regressive integrated moving average (ARIMA) procedure in SAS or R are the 
appropriate statistical method to account for autocorrelation when comparing means 
of time-series data.   
Entink et al. [115] applied both an ARIMA and t-test statistical analysis to time-
series particle concentration data to answer the research question – what was the 
potential rise in exposure to nano-sized particles during the performance of the activity 
compared with the non-activity period.  The autocorrelation function testing of the 
ARIMA method indicated the data was autocorrelated, although stationary around the 
mean.  It was concluded the standard t-test overestimated the statistical significance of 
the mean differences in comparison with the ARIMA approach.   
The advanced statistical methods required to assess the autocorrelation structure 
of time-series data is complex and will likely require expert statistical guidance, and 
therefore is likely to be outside the scope of an occupational hygiene practitioner [114] 
who is the most likely person carrying out measurement of airborne particles at a 
workplace.  Simplified guidance on applying ARIMA approaches to time-series data 
was lacking in the literature, which in contrast was dominated by articles describing 
complex statistical computations.   
However, very useful information on particle exposure and emission can be 
obtained from time-series data by qualitatively analysing peak particle concentrations 
and patterns of exposure and emission [114]. A time-series plot of the data is an 
essential and easily accomplished step to identifying trends and peaks in the data [115].  
A range of factors will influence the correlation of time-series data between 
different instruments, including the size ranges able to be measured by the instruments, 
principles of operation, and setting the real-time instrumentation to similar averaging 
times [114]. This literature review identified that Pearson correlation coefficient or 
paired t-test are commonly used to assess agreement amongst data output of different 
instrumentation.  The former measures the degree of association (precision), while the 
latter measures the average difference (bias) [114]. Brouwer et al. [114] argue a 
combination of approaches is needed to fully assess the desired agreement 
characteristics of real-time instrumentation.  
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However, most airborne particle concentration data exhibit a lognormal 
distribution [46].  Therefore, the quantitative measurement of the strength of an 
association between two variables, such as the data output of two instruments that 
record airborne particle concentrations, is frequently measured using Spearman’s rank 
correlation coefficient (rs) because, unlike other correlation coefficients such as 
Pearson’s coefficient, rs does not make assumptions about the linearity or that the data 
is normally distributed [119].    
2.7 TIERED MEASUREMENT STRATEGY 
As the particle size within an aerosol in rarely homogenous [25] the concurrent 
use of multiple real-time instruments is required to fully characterise the aerosol [113].  
Kuhlbusch et al. [57] argue that tiered measurement approaches are the most practical 
for workplace and laboratory measurements because complete measurement 
campaigns are very time consuming and hence cost intensive and may only be 
necessary if there is evidence of an increased particle concentration.   
A tiered measurement strategy has been proposed by a number of authors [40, 
120-123] in relation to assessing particle emission from nanotechnology processes.  In 
common these authors recommend three tiers in the measurement strategy: 
o Tier 1 – information gathered according to established industrial 
hygiene practices.  If release of nanoscale aerosols cannot be 
excluded then exposure must be assessed as per Tier 2 
o Tier 2 – conduct a basic exposure assessment using a limited set 
of easy-to-use equipment.  If significant increase over total 
aerosol background concentration (or occupational exposure limit 
if available) is detected, then potential exposure is assessed as per 
Tier 3 
o Tier 3 – employ the latest state-or-the-art measurement 
technology to assess workplace exposure to nanoscale aerosols.   
The nanoGem [120] model of a three-tiered approach is illustrated in Figure 2.8.   
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Figure 2.8. Flow chart of the nanoGEM tiered measurement method [120].  (SOP = Standard 
Operating Procedure).   
 
A tiered approach provides flexibility to allow customization of measurement to 
the specific needs of an organization and to ensure it is appropriate for the regulatory 
environment.  Table 2.5 provides a comparison and summary of tiered measurement 
strategies identified in the literature.   
 
 
 
 
 Chapter 2: Literature Review 60 
Table 2.5 
Comparison and summary of tiered measurement strategies 
 
Menther et al, [40], 
OECD WPMN  [122] 3 
IUTA et al, [123] Asbach et al, [120] 
Tier 1 
Method 
The overall purpose of 
this step is to develop a 
list of target areas and 
tasks that will be 
evaluated with particle 
analyzers. 
 
The initial assessment 
involves:  
 
 Process review 
 Literature 
review to gain 
an 
understanding 
of the 
manufactured 
nanomaterials 
being produced 
or used,  
 Observational 
walkthrough 
survey  
 Examination of 
operations and 
controls 
At Tier 1 a decision has 
to be made, whether or 
not a release of 
nanoscale aerosols 
from nanotechnology 
processes into 
workplace air can be 
reasonably excluded.  
 
Information gathering 
conducted according to 
established best 
practices in industrial 
hygiene. 
The task in Tier 1 is to 
clarify, e.g. through on-site 
inspection, whether 
nanomaterials are used in 
the respective workplace 
and if they can be released 
from the corresponding 
processes 
Tier 1 
Instruments 
Not specified Not specified Not specified 
Decision 
based on 
Tier 1 
Determines where 
emissions may occur – 
identifies targets for Tier 
2 assessments. 
If release of nanoscale 
aerosols from 
nanotechnology 
processes into 
workplace cannot be 
reasonably excluded, 
undertake Tier 2 
assessment. 
If a release cannot be 
excluded, the potential 
exposure has to be 
determined in Tier 2. 
Tier 2 
Method 
Particle number 
concentration sampling 
to identify processes, 
locations, and personnel 
using: 
 
 Background 
measurements 
 
 Area sampling 
 
Measurements of 
airborne particle 
concentrations at 
locations near the 
Basic exposure 
assessment using a 
limited set of easy-to-
use equipment 
 
Assess measurement 
results against 
substance-specific, 
binding, health-based 
occupational exposure 
limits (OELs) for 
nanomaterials.  
 
If OELs not available, 
determine whether : 
The simplified exposure 
measurements conducted 
using particle size 
integrating, easy-to-use 
devices, measuring e.g. the 
total particle number 
concentration.  
 
Options: 
 
 Screening 
 Temporary 
monitoring 
 Permanent 
monitoring 
                                                 
 
3 This methodology is reported in all three of these sources of literature 
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OECD WPMN  [122] 3 
IUTA et al, [123] Asbach et al, [120] 
suspected or likely 
emission source before, 
during, and after each 
task 
 
• the interference value 
(lowest 
value, which can be 
measured with 
sufficient reliability) is 
exceeded, 
• a significant increase 
over total aerosol 
background 
concentration is 
detected 
 
 
Measurements compared 
with background 
concentrations. 
Tier 2 
Instruments 
CPC and OPC, filter-
based air sampling 
 used simultaneously 
alongside each other 
Direct Reading, 
particle counting 
devices: 
CPC, Nanoparticle 
monitors using 
electrical detection 
principle  
Typical instruments are 
handheld condensation 
particle counters (CPCs) 
and diffusion charger based 
devices (miniDiSC, 
nanoTracer, Aerotrak 
9000). 
Decision 
based on 
Tier 2 
Confirms where 
manufactured 
nanomaterial emissions 
occur. 
 
Are particle number 
concentrations with 
production system On 
10% higher than those 
with the system Off? 
 
If no, controls appear to 
be adequate, no further 
testing. 
 
If yes, undertake Tier 3 
assessment. 
If the interference 
value is exceeded and a 
significant increase 
over total aerosol 
background 
concentration is 
detected, then the 
potential exposure has 
to be investigated 
according to Tier 3 
(Expert Exposure 
Assessment). 
If Tier 2 measurements 
reveal a concentration level 
which is significantly 
increased over the 
background, a potential 
exposure exists and has to 
be assessed in Tier 3. 
 
An emission/exposure 
concentration is 
significantly above 
background if 
C(net-bg) > 3 x sDBI  
 
sDBI is the standard 
deviation of background 
concentration 
 
C(net-bg) is the 
emission/exposure 
concentration – 
background. 
 
 
Tier 3 
Method 
Conduct Filter-based 
Area and Personal Air 
Sampling 
 
Collect co-located open-
face air filter samples for 
TEM and analytical 
analysis at locations of 
possible emissions 
identified by CPC and 
OPC. 
 
Collect additional set of 
co-located open face air 
filter samples for 
Expert exposure 
assessment applying 
latest knowledge and 
technology to confirm 
and expand on findings 
from Tier 1 and Tier 2 
and determine if there 
is evidence is available 
for the chemical 
identity of the filter 
samples indicating that 
the source is the ENM, 
 
Use of direct reading 
instruments & in 
Tier 3 measurements are 
intended to provide clear 
evidence for the presence or 
absence of the 
nanomaterials in the 
breathing zone of people in 
a workplace.  
Measurements require an 
extended set of 
measurement and sampling 
equipment for evaluating a 
possible exposure to 
manufactured 
nanomaterials in 
workplaces.  
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background, away from 
the process  
 
Optional: Surface 
sampling 
 
Air samples include one 
sample analyzed for 
elemental mass and one 
sample analyzed by 
electron microscopy. 
 
JNIOSH {Japan National 
Institute for Occupational 
Safety and Health, 2013 
#139} measure 
gravimetric respirable 
mass concentration for 
decision making if 
further measurement is 
necessary.   
parallel sampling 
systems. 
 
 
Measurements always 
include the determination of 
the particle background in 
the workplace, either 
through simultaneous 
measurement at a 
representative background 
location or through 
consecutive measurements 
at the respective workplace 
prior to and after the 
process under investigation. 
In the latter case, the 
background can also be 
determined with the 
identical process ongoing 
but prior to and after use of 
the nanomaterial. 
 
Tier 3 
Instruments 
Filter-based air sampling 
cassette  
 
In the event that 
measurements made by 
the OPC indicate a large 
fraction (over 50%) of 
particles 
exceeding 1000 nm in 
size, the use of a personal 
cascade impactor or 
respirable cyclone 
sampler in tandem with a 
filter-based air sampling 
cassette may be required 
for both the elemental 
mass and TEM/SEM 
analysis to eliminate 
large particles, that may 
interfere with analysis 
and be of limited interest. 
 
SEM, TEM with EDX. 
NIOSH Method 5040 for 
elemental carbon. 
 
Surface wipe samples (if 
needed) 
Equipment may 
include: 
 
Direct Reading, 
Counting Devices: 
CPC,  SMPS,  FMPS, 
NSAM, Aerosol 
Spectrometer 
 
Electrostatic and  
filtration sampler using 
grids for electron 
microscopy.  Filtration 
sampler using gold 
coated membrane 
filters. 
 
Filter samples can be 
analyzed by 
inductively coupled 
plasma atomic 
emission spectroscopy 
(ICP-AES), SEM or 
TEM 
Typically used direct-
reading measurement 
instruments include 
Scanning or Sequential 
Mobility Particle Sizers 
(SMPS), CPC, NSAM.  
These measurements are 
accompanied by particle 
sampling systems, 
collecting airborne particles 
for consecutive analysis by 
SEM, TEM, ICP-AES or 
Total reflection X-ray 
fluorescence (TXRF). 
Decision 
based on 
Tier 3 
Quantified emissions 
measurements to inform 
decision making on 
controls. 
 
JNIOSH {Japan National 
Institute for Occupational 
Safety and Health, 2013 
#139}recommends  
Take additional risk 
management measures 
to mitigate exposures 
accordingly. 
If particle release is 
determined definitively in 
Tier 3, measures need to be 
taken for exposure 
mitigation and the potential 
exposure needs to be re-
assessed according to Tier 
2. 
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measuring gravimetric 
respirable mass 
concentration and 
compare with probable 
OELs, such as the values 
recommended by the 
AIST {Japan National 
Institute of Advanced 
Industrial Science and 
Technology (AIST), 
2011 #120}.   
 
The Nanoparticle Emission Assessment Technique (NEAT) for the 
Identification and Measurement of Potential Inhalation Exposure to ENMs [39, 40, 
122] has also been proposed for the workplace characterisation of airborne ENP 
emission and exposure assessment, and for measurement of background particle 
concentrations.  This method proposes the simultaneous use of a hand-held CPC and 
OPC to provide data on particle count and size in the range of 10-20 to 10,000 nm 
before, during and after process operation4 .  The utility of this method for workplace 
use lies in the portability, relative ease of operation, and relatively low dollar cost of 
these hand-held instruments compared to instrumentation such as SMPS. 
In accordance with this method, a high PNC in the CPC range in combination 
with a low PNC in the OPC small size range (300-500 nm) would indicate the presence 
of nanoscale particles.  Conversely a low PNC in the CPC range in conjunction with a 
high PNC in the OPC large size band (> 1000 nm) would indicate the presence of large 
particles and/or agglomerates.  An average background PNC is calculated and 
subtracted from measurements made during processing.  In addition, filter based air 
samples, both area and personal sampling collected simultaneously during real-time 
measurements, is recommended so as to analyse particle morphology and chemical 
composition using SEM or TEM.  
This method recommends subtracting OPC and CPC measurement results from 
one another.  This is not recommended because of the fundamental differences in 
operating principles of both instruments. 
                                                 
 
4 The use of CPC P-Trak would provide particle count from lower size of approximately 20nm, whilst 
use of CPC 3007 would provide count from lower particle size of approximately 10nm. 
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2.8 EXCURSION GUIDANCE CRITERIA TO INFORM DECISIONS ON 
WHEN PARTICLE EMISSION NEEDS FURTHER ASSESSMENT 
AND/OR CONTROL 
Paralleling the uncertainty over how exposure (i.e. what particle metric) to NPs 
should be characterised, is the question of what occupational exposure limit/s (OELs) 
should be applied to the NP fraction of an aerosol.  OELs have been in existence for 
approximately 100 years and serve as benchmarks for assessing and controlling 
exposure to airborne hazardous chemicals and aerosols [56].  OELs are based upon 
no-observed-adverse-effect-levels (NOEAL) from animal studies and human 
epidemiological studies, with a safety factor such as 0.1 applied to address uncertainty 
[56].  
However, given the present lack of dose response associations for many NPs and 
the scarcity of human exposure and toxicological data [56], the concept of having a 
single exposure standard for ENPs based purely on a physical NP property would seem 
unrealistic.  This would exclude the often interacting and heterogeneous factors 
(material, size, shape, surface reactivity, chemical composition) which contribute to 
their special functions as nanomaterials.   
Mass based OEL exist for some “bulk” materials from which nanomaterials are 
engineered, for example carbon black [125], from which carbon nanotubes are 
produced.  However, these mass based OELs may not provide protection against 
disease caused by the NP fraction of an aerosol [26, 52, 56]. In addition, a particle cut 
size for NPs of 100 nm is not derived from particle behaviour in the respiratory tract 
following deposition and therefore is not an adequate health based metric [12].   
Although, the “less than 100 nm” size range is useful when defining 
manufactured nanomaterials because the novel and differentiating properties of 
nanomaterials are developed at a crucial length scale of typically under 100 nm [126, 
127], the use of this size range is simplistic when discussing health effects or emission 
characteristics of particles because particles seldom present as a single size [127], and 
NPs are unlikely to persist in their primary particle size.  This is because particles will 
agglomerate or aggregate into larger sized particles, including into the 
supermicrometre size range [12, 96, 127]  
In addition, particles larger than 100 nm that have a sub-100 nm structure may 
de-agglomerate or disaggregate following inhalation [12].  If agglomerates or 
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aggregates of nanomaterials either de-agglomerate or disaggregate completely 
following deposition in the lungs, it is conceivable that the resulting biological impact 
will be similar to an equivalent exposure of discrete nanomaterials [12]. 
To date, only a small number of airborne concentration exposure standards have 
been established or proposed for ENMs, for example, CNTs, nano- TiO2 and nano-Ag.  
This is because the majority of ENPs do not have sufficient toxicological data for them 
that will allow a specific health based OELs to be agreed.  A hierarchy of what can be 
termed particle control values (PCVs), which are currently used or have been proposed 
for assessing the significance of particle emission and exposure, in decreasing order of 
preference is: 
1. A company or laboratory in house control limit - where these are lower (i.e. 
more stringent), than applicable regulatory limits.  For example, MWCNT 
– 0.05 mg m-3 [128]; 
2. National workplace exposure standards (WES). For example, carbon black 
(3 mg m-3  [125] and fumed silica (2 mg m-3  [125]); 
3. Recommended Exposure Limits (REL). For example, ultrafine TiO2 (0.3 mg 
m-3 [129] and fine TiO2 (2.4 mg m
-3 [129]); 
4. Proposed workplace exposure limits – from research results. For example,  
TiO2 (0.6 mg m
-3 [124], fullerenes C60 ( 0.39 mg m-3 [124], CNTs (0.03 mg 
m-3 [124], 0.001 mg m-3 [130]); 
5. Benchmark exposure levels (BEL) – which have some consideration of 
health effects.  For example, fibrous nanomaterials : BEL = 0.01 fibres/ml 
[11]; nanomaterials classified as Carcinogenic, Mutagenic, Asthmagenic, or 
Reproductive Toxins (CMAR): BEL = 0.1 x Workplace Exposure Limit 
(WEL) of the bulk material [11]; insoluble nanomaterials: BEL = 0.066 x 
WEL of the bulk material [11]; soluble nanomaterials: BEL = 0.5 x WEL of 
the bulk material [11]; 
6. Local particle reference values (LPRV).  For example, derived from 
characterising background particle number and mass concentrations [39, 40, 
83, 120, 131].  
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The LPRVs represent the local area eight-hour time-weighted average particle 
number or mass concentration measured when the process of interest is not in 
operation. This value is specific to each local environment.   
It can be concluded from the above that there are relatively few PCVs currently 
established or proposed for nanomaterials, and these are all eight to ten-hour time-
weighted average (TWA) standards.  In addition, with the exception of LPRVs, they 
are exposure (in contrast to emission) limits, mass based (except for the fibrous 
nanomaterial BEL), and require sampling for off-line analysis.   
Further evidence of the continuation of the standard practice of utilising mass 
based reference values is evident regarding the RELs for nano-TiO2 and fine-sized 
TiO2 published by the US National Institute for Occupational Safety and Health.  
These are mass based but are adjusted for particle size based on the surface area health 
endpoint [129].   
Also required is guidance on when short-term excursion above these (time-
weighted) PCVs require control, such as Peak or Short Term Exposure Limits 
(STELs).  This is particularly relevant for nanotechnology processes of short duration 
and those with large variability in particle emission.  Such comparison of peak particle 
concentration values to PCVs allows decisions to be made as to the acceptability of a 
process as a particle emitter to the workplace environment and whether further 
assessment of particle emission is required.   
The purpose of limiting some excursions of airborne contaminant exposures 
above time-weighted average (TWA) exposure standard values within the 
occupational environment is explained by both Safe Work Australia [132], and the 
American Conference of Governmental Industrial Hygienists [133] which both 
recommend process could be considered to require further assessment if:  
 short term exposures exceed three times the TWA exposure standard 
for time periods that add up to more than a total of 30 minutes per 
eight-hour working day, or  
 if a single short term value exceeds the TWA exposure standard by 
five times.  
For example, in 2013, NIOSH [130] recommended limiting the concentration of 
CNTs in workplaces to below 0.007 mg m-3, measured in terms of elemental carbon in 
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accordance with NIOSH method 5040. This recommended exposure level (REL) was 
revised down to 0.001 mg m-3 in the final document [130], to correspond with 
methodology improvements which included improved laboratory limit of 
quantification (LoQ) to 0.001 mg m-3. However, guidance on excursions above the 
TWA exposure standard value was not provided.  
2.9 EVIDENCE OF TOXICITY OF AIRBORNE PARTICLES 
Methods chosen to characterise airborne particles as part of risk assessment must 
be based upon the relationship of airborne particle dynamics and health effects.   
Much of what is known about the toxicology of particle matter is derived from 
toxicological studies such as in vivo and in vitro studies, and epidemiological studies 
of exposure of the general population to ambient air pollution.  According to 
Donaldson et al. {Donaldson, 2012 #250}, case study reports are required to make the 
first association between exposure to a dust and development of disease, epidemiology 
can explore the exposure-response relationship, and toxicological studies are also 
required to prove that an exposure is indeed the cause of a disease and to analyse the 
properties of particles that make them harmful.  Toxicological studies are invariably 
performed on animal and cell systems and although invaluable in proving insight into 
potential disease mechanisms, the usefulness of such studies in determining risk to 
humans is limited because:  
 rodents as the most frequently used experimental animals have 
different deposition efficiencies for particles in their respiratory tract 
compared to humans {Oberdorster, 2000 #201} 
 high doses of particles are often used in healthy animal studies and are 
not necessarily representative of lower dose likely to be experienced 
by humans.  For example, high intracheal doses of particles are not 
representative of inhalation dose {Oberdorster, 2000 #201} 
 differences exist between the life expectancy of animals and humans 
(which is important when investigating chronic disease) {Gibbs, 2008 
#292}. 
Caution is also required during extrapolation of the results of epidemiological 
studies of the general population to workplace populations because the exposed 
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population at a workplace is different to that of the general population in that, in the 
main, the workplace population is healthy, whilst the general population includes all 
members who are more sensitive to biological effects of particle exposure 
{Oberdorster, 2000 #201}. 
The evidence in the literature of a biological response from exposure to the fine 
fraction of ambient PM is strong, whilst that for the UFP5 size fraction is weaker.  The 
content of this literature is mainly derived from in vivo animal studies, in vitro studies 
using cell systems, short-term time-series epidemiological exposure studies which 
cover days and/or weeks linking increased levels of air pollutants to short-term health 
effects and hospital admissions, cross sectional studies, and prospective cohort studies 
of long term health effects such as investigations covering years of exposure and large 
numbers of participants. 
There is strong evidence within the scientific literature that exposure to fine and 
coarse particle matter is associated with respiratory symptoms, exacerbation of 
respiratory disease, cardiovascular disease, acute coronary syndromes and 
arrhythmias, and increased hospital admissions for respiratory and cardiac events, with 
indications that exposure to fine particles was more strongly linked to health effects 
than the PM10 fraction.   
The epidemiology of health effects of air pollution contained in the literature are 
broadly reported in terms of the impact of PM10, PM2.5, and UFPs.  As the ability to 
characterise smaller and smaller mass fractions of aerosols and the UFP number 
concentration have improved, the focus of the literature has moved to studying the 
potential health effects of exposure to particles within the accumulation and nuclei 
particle size modes.  The literature on health effects from exposure to air pollution 
arising from anthropogenic sources of airborne particles is reviewed below.  
2.9.1 Ultrafine particles 
Whilst the evidence in the literature is strong for an association between 
exposure to the PM2.5 and PM10 size fraction and health effects, evidence is much 
                                                 
 
5 The term UFP is mainly used in the literature on health effects, so UFP will be used instead of NP 
utilised for this section of the thesis, unless the cited author has specifically used the term NP.  
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weaker for UFPs causing health effects independently from coarser fractions.  This is 
mainly due to: 
 the reliance on government monitoring data which historically 
includes only ambient particle mass concentration data at the two 
particle cut sizes of PM2.5 and PM10 [135] which therefore restricts 
cohort studies from reporting health effects associated with exposure 
to UFPs, and  
 only in the early 1990’s were instruments, such as the mobile aerosol 
spectrometer (MAS), starting to become available ( and even then 
there was limited availability mainly due to high cost of purchasing 
this type of equipment) that allowed daily measurements of particle 
size distributions and UFPs that could then be used in epidemiological 
studies [63].   
Because of the evidence from epidemiologic studies linking ambient 
concentrations of PM2.5 and PM10 size fractions to morbidity and mortality, the World 
Health Organisation (WHO) has set mass based air quality guidelines for these size 
fractions [136]. However, the WHO has concluded that “…while there is considerable 
toxicological evidence of potential detrimental effects of UFPs on human health, the 
existing body of epidemiological evidence is insufficient to reach a conclusion on the 
exposure–response relationship of UFPs” [136] and therefore air quality guidelines 
have not been established for UFPs.   
Specific characteristics of UFPs thought to impart unique toxicological 
properties independent of larger particles include:  
 as the size of particles decrease into the UFP range, quantum effects 
such as arrangement and percentage (increase) of surface atoms affect 
surface reactivity and toxicity [12, 56]   
 UFPs are deposited deep within the lung and can act as carriers to the 
deep lung of adsorbed reactive gases, radicals, transition metals, 
organic compounds, and the larger surface area can transport more of 
these adsorbents than larger particles [64] 
 UFPs have greater inflammatory effects than larger particles, in 
particular due to a  larger surface area [3, 137] 
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 UFPs are less well phagocytised than larger particles [62, 63] because 
they are less well recognised by macrophages and the many more 
UFPs spread over the alveolar epithelium make phagocytosis of all 
particles less likely than larger particles  [64]  
 UFPs are more likely to translocate (and more rapidly) from the 
pulmonary system and into the blood stream and central nervous 
system, causing damage to other organs [3, 64].  
One hypothesis proposed for UFP toxicity relates to the small size of UFPs, 
facilitating the uptake into cells and transcytosis across epithelial and endothelial cells, 
into the blood and lymph circulation, to ultimately target potentially sensitive target 
sites such as bone marrow, lymph nodes, spleen, and heart [3].  Translocation of poorly 
soluble [19] inhaled UFPs from the lungs to the blood and lymph circulation and then 
to target sites such as bone marrow [3], lymph nodes [3], spleen [3], and heart [3] has 
been demonstrated, mainly from animal studies.   
Two possible pathways for health effects from exposure to UFPs are oxidative 
stress caused by direct and indirect pathways [23, 138].  The direct effect involves the 
translocation of UFPs across the pulmonary epithelium into the vascular system 
leading to local oxidative stress/inflammation within the vascular endothelium [138].  
The indirect effect involves an increase in the reactive oxygen species in the heart and 
lung as a result of free radicals present within the particulate matter resulting in 
inflammatory damage to vascular and pulmonary tissue [138].  
Animal studies have shown that rats exposed to UFPs sustain more lung injury 
and pathology than rats exposed to the same deposited mass of fine respirable particles 
composed of the same material [62], for example greater pulmonary-inflammatory 
neutrophil responses [55].  One hypothesis is the greater surface area per mass of UFPs 
compared with larger-sized particles of the same chemistry renders UFPs more active 
biologically, including a greater potential for inflammatory and pro-oxidant injury to 
the pulmonary system [3, 139].  Oberdorster et al. [140] and Ferrin et al. [141] reported 
intratracheal instillation of ultrafine particles led to a significantly greater pulmonary 
inflammatory response than larger-sized particles.  
Oberdorster [55] showed that ultrafine anatase TiO2 (20 nm), when instilled 
intratracheally into rats and mice, induced a much greater pulmonary-inflammatory 
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neutrophil response (determined by lung lavage 24 hr after dosing) than did fine 
anatase TiO2 (250 nm) when both types of particles were instilled at the same mass 
dose. Although these intratracheal doses cannot be correlated to inhalation dose, the 
experiment demonstrated the influence of greater surface area of UFPs, compared to 
fine particles, to cause inflammatory responses.  
Oberdorster et al. [142] exposed rats in a chamber to airborne concentrations of 
aerosolized ultrafine and fine TiO2 and found both TiO2 particle types formed 
agglomerates of similar diameter.  Electron microscope analyse of lung tissue sections 
showed after deposition in the lung these particle agglomerates appeared to 
disaggregate to smaller aggregates.  The UFPs elicited a persistently high 
inflammatory reaction in the lungs of the rats compared to the larger-sized particles, 
demonstrating the influence of greater surface area of UFPs to cause inflammatory 
responses.  Ban et al. [143] concluded for the same dose, FeO NPs produced higher 
levels of inflammation than their submicron sized counterparts. 
One hypothesised mechanism for UFPs to affect the cardiovascular system is 
through particle translocation from the lungs [12, 28, 29, 67] into the systemic 
circulation leading to direct or indirect hemostasis and thrombus mediated 
cardiovascular damage [32].  Oberdorster et al. [142] exposed rats in chamber to 
airborne concentrations of aerosolized ultrafine and fine TiO2 and found that a larger 
fraction of the ultrafine TiO2 was translocated to the pulmonary interstitial tissue. 
In 2008, Simkhovich et al. [21] reported that UFPs may be translocated into the 
circulation and directly transported to the vasculature and heart where they can induce 
cardiac arrhythmias and decrease cardiac contractility and coronary flow.  Nemmar et 
al. [49] subjected human volunteers to inhalation of radiation labelled particles, and 
hamsters to intratracheal administration of diesel exhaust particles, and demonstrated 
particles translocated from the lungs to the blood and caused platelet aggregation. 
Oberdorster et al. [144] exposed rats to inhaled 13C and found a five-fold greater 
concentration of 13C in the liver compared to the lung at 18 and 24 hours post exposure.    
Access to the central nervous system and ganglia via translocation along axons 
and dendrites of neurons has also been observed [3].  The hypothesis is that inhaled 
UFPs deposit upon the olfactory mucosa of the nasal region and are translocated along 
the olfactory nerve to the olfactory bulb within the  central nervous system [32], 
bypassing the protective blood brain barrier [31].  Block and Calderon-Garciduenas 
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[14] postulated that the mechanism of particle entry into the central nervous system 
was directly across a “leaky” blood-brain barrier, and translocation along the olfactory 
nerve to the olfactory bulb, although the authors concede these mechanisms are a 
source of debate.   
However, the literature is conflicting regarding the plausibility of the 
translocation hypothesis.  Although Oberdorster et al., [59] demonstrated translocation 
of 13C UFPs in rats, there are substantial differences in the olfactory mucosa between 
humans and rats meaning such results need to be interpreted with caution [32].  
Lucchini et al., [31]  caution that much of the research involving the transport of 
xenobiotics, such as manganese, via the olfactory pathway has been conducted using 
rodents and unlike people, rodents are obligate nasal breathers and have distinct airway 
turbinate and epithelial anatomy and not all metals undergo appreciable olfactory 
transport [31].   
In addition, as these studies relate to UFP with specific chemical composition, 
applying the results generically to all UFP is not possible.  For example, Oberdorster 
et al., [144] concluded that translocation to blood and extra pulmonary tissues may 
well be different between ultrafine carbon and other insoluble (metal) ultrafine 
particles.   
Although these studies on translocation of particles provide very useful 
toxicological information that should not be ignored, animal study results need careful 
interpretation in regard to human toxicology because endocytosis and bio kinetics can 
differ between humans and animals.  This general note of caution is particularly 
relevant to the ever growing list of ENPs that by their nature and purpose, possess 
intentionally designed and diverse chemical composition such as unique surface 
chemistry (coating) and in vivo surface modifications [3].   
Figure 2.9 illustrates the hypothesised mechanisms through which UFPs may 
induce health effects. 
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Figure 2.9. Hypothesised pathways leading to adverse cardiovascular health effects from exposure to 
UFPs [135]. 
A small number of epidemiological studies which utilised measurement of UFPs 
and simultaneously investigated the effects of UFPs and coarser particles upon health 
outcomes, were reported in the literature.  These papers, reviewed below, are restricted 
to short-term health effects, such as exacerbation of asthma or increase in wheezing.  
Epidemiological studies that include measurement of UFPs and the association to 
long-term health effects were not identified during this literature review or from a 
review conducted by Hoek et al. [145] in 2013.    
Wichmann and Peters [64] reported the results of an epidemiological study on 
the association of ambient UFPs and fine particle concentrations on the daily peak 
expiratory flow (PEF) and respiratory symptoms of 27 non-smoking asthmatics in 
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Erfurt during the winter season of 1991/92.  The PNC was dominated by particles in 
the ultrafine fraction, whereas most of the mass was attributable to particles in the size 
range 0.1-0.5 µm. As the concentration of UFPs and fine particles occurred at different 
times, comparison of their health effects was possible. Both fractions were associated 
with a decrease of PEF and an increase in cough and feeling ill during the day. The 
authors concluded health effects of the number of UFPs were larger than those of the 
mass of the fine particles. 
Penttinen et al. [146] studied the associations between daily health endpoints 
(PEF measurements and symptom and medication diaries) of 57 adult asthmatics, 
while simultaneously monitoring particulate pollution in ambient air (number 
concentration of particles in the size range 0.01 – 10 µm, PM1.0, PM2.5, PM10, CO, NO, 
SO2, O3)  for six months. Daily mean number concentration of particles, but not 
particle mass, was negatively associated with daily PEF deviations. The strongest 
effects were seen for particles in the ultrafine range. However, the effect of ultrafine 
particles could not definitely be separated from other traffic generated pollutants, 
namely nitric oxide, nitrogen dioxide and carbon monoxide. 
Osunsanya et al. [137] investigated symptom scores, PEF, and bronchodilator 
use in 44 patients aged > 50 years with chronic obstructive pulmonary disease, and 
daily measurements of both mass of ambient particles of aerodynamic diameter less 
than 10 μm (PM10) and numbers of UFPs.  These authors concluded that evidence was 
not found to support the hypothesis that the component of particulate pollution 
responsible for effects on respiratory symptoms or function resides in the fraction 
below 100 nm diameter. They also concluded consistent associations between 
symptoms and PM10 suggested a contribution of the coarser fraction should not be 
dismissed. 
Pekkanen et al. [22] compared the effects of daily variations in particles of 
different sizes on PEF during a 57-day follow-up of 39 asthmatic children aged 7-12 
years.  The main source of particulate air pollution in the area was traffic.  In addition 
to the measurements of PM10 and black smoke (BS) concentrations, an electric aerosol 
spectrometer was used to measure particle number concentrations in six size classes 
ranging from 0.01 to 10.0 µm.  The authors concluded the concentration of UFPs were 
no more strongly associated with variations in PEF than PM10 or BS.  
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Pekkanen et al. [147] assessed the associations between levels of urban aerosol 
in size fractions of PM2.5, PNC0.01– 0.1 µm and accumulation mode particles PNC0.1–1 µm 
and the occurrence of electrocardiogram ST-segment depressions during repeated 
exercise tests.  Seventy-two exercise-induced ST-segment depressions >0.1 mV 
occurred during 342 exercise tests among 45 subjects.  Levels of particulate air 
pollution two days before the exercise tests were significantly associated with 
increased risk of ST-segment depression during exercise testing. The association was 
most consistent for measures of particles reflecting accumulation mode particles, but 
UFPs also had an effect which was independent of PM2.5. Also, gaseous pollutants 
NO2 and CO were associated with an increased risk for ST-segment depressions. No 
consistent association was observed for coarse particles. The associations tended to be 
stronger among subjects who did not use ß-blocker medication. 
de Hartog et al. [148] reported the results of the ULTRA (Exposure and Risk 
Assessment for Fine and Ultrafine Particles in Ambient Air) Study, a study 
investigating the association between fine and ultrafine particulate air pollution and 
cardio-respiratory health, which was conducted during the winter of 1998–1999 in 
Amsterdam, the Netherlands; Erfurt, Germany; and Helsinki, Finland. At each study 
centre, a panel of elderly subjects with coronary heart disease recorded cardiac and 
respiratory symptoms in a diary.  Exposure to ambient air pollution was characterized 
by measuring daily mass concentrations of particles smaller than 10 µm (PM10) and 
2.5 µm (PM2.5), particle number concentrations of ultrafine particles (PNC0.01–0.1µm), 
and nitrogen oxide, nitrogen dioxide, carbon monoxide, sulfur dioxide, and ozone.  
The authors concluded PM2.5 was associated with some cardiac symptoms in three 
panels of elderly subjects. PM2.5 was more strongly related to cardio-respiratory 
symptoms than UFPs. 
Tittanen et al. [149] examined the short-term association of particulate air 
pollution with PEF and respiratory symptoms for forty-nine children with chronic 
respiratory symptoms aged 8-13 years, daily for six weeks in spring, 1995, in Kuopio, 
Finland. Daily concentrations of PM2.5, PM10, black carbon, and UFPs (PNC0.01-1.0 µm) 
were measured. All pollutants were found to be associated with declines in morning 
PEF, and PM10 was found to be more strongly associated than UFPs.  
von Klot et al., [90] investigated the association between ambient PM2.5 and 
UFPs (PNC0.01-1.0 µm) in a panel study in Erfurt, Germany.  56 adult asthmatics recorded 
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their daily asthma symptoms for six months during the winter of 1996/97. The authors 
concluded corticosteroid use and bronchodilator use both increased in association with 
cumulative exposure over 14 days of UFPs and fine particles. A comparable effect was 
found for cumulative exposure over 5 days. The data suggested that asthma medication 
use increased with particle air pollution and the effect might be more delayed, but 
stronger, for those on anti-inflammatory medication than on bronchodilators.  An 
independence of UFP and PM2.5 effect on asthma symptoms was not found.  
It is clear from these studies that there is insufficient epidemiological evidence 
to support the findings from in vitro studies that UFPs exert a health effect independent 
of larger particles, with the caveat that for some of the studies, the effect of UFPs could 
not definitely be separated from other particle size modes. In summary, of the 
epidemiological studies reviewed above, two concluded slight evidence for UFPs 
exerting a respiratory health effect independent of larger particles [89, 146], one study 
concluded that accumulation size particles were more consistently, than UFPs, 
associated with a cardiac effect [147], four studies indicating no independent (UFPs) 
respiratory health effect [22, 90, 137, 149], and one study concluded no independent 
cardio-respiratory effect [148].  All of these studies were limited by: 
a) The small cohort of subjects studied over relatively short durations and the 
limited geographical areas of these studies makes it difficult to separate the 
effects of different types and sizes of particles  
b) The chemical composition of the particles needs to be examined to 
determine which pollution sources and types of particles are associated with 
health effects 
c) The difficulty in isolating UFPs from larger particles because of the 
tendency of UFPs to coagulate into larger particles [18].   
Ibald-Mulli et al. [63] concur with this conclusion and in a similar review of 
these epidemiological studies concluded:  
…coagulation of UFPs to fine particles needs to be taken in consideration 
when looking at health effects in association with different size fractions. The 
ambient aerosol is a dynamic system which may change its concentration and 
size distribution due to coagulation and chemical reactions. Because of their 
high diffusivity UFPs coagulate with other aerosol particles depending on the 
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ambient aerosol conditions such as concentration, size distribution and 
thermodynamic parameters. 
Finally, the conclusions of the Expert elicitation on likelihood of ultrafine 
particles health effects and causal pathways [25], is reviewed below as these experts 
are widely published in the literature on the subject of health effects associated with 
particle exposure.  Fourteen European experts (epidemiologists, toxicologists and 
clinicians) were selected through a peer nomination procedure, of whom twelve 
participated in the expert elicitation. They were provided with a briefing book 
containing key literature. After a group discussion, individual expert judgments in the 
form of ratings of the likelihood of causal relationships and pathways for particle 
induced health effects, were obtained using a confidence scheme adapted from one 
used by the Intergovernmental Panel on Climate Change [150].  
The expert group considered the likelihood of six causal pathways to result in 
respiratory and cardiac health endpoints, following short- and long-term exposure to 
UFPs.  These six pathways were: 
 Pathway 1a – UFPs trigger an acute inflammatory response in the 
lungs through oxidative stress via activation of oxidative stress-
response transcription factors.  A cascade of events then triggers 
changes in the control of blood clotting and promotes pulmonary or 
systemic inflammation, atherosclerosis, increased blood pressure, 
thrombosis, and eventually a cardiac event  
 Pathway 1b – UFPs, unlike coarse or fine particles, penetrate deeply 
into the lung interstitium and evade clearance mechanisms and 
translocate to extra pulmonary sites such as bone marrow, lymph 
nodes, liver, heart, spleen, and brain  
 Pathway 1c – UFPs stimulate nerve endings in the walls of the airways 
causing direct respiratory reflexes.  An indirect effect of such stimuli 
is the failure of the autonomic nervous system (ANS)  
 Pathway 2a – Respiratory inflammation as a result of cytokine release 
in acute phase reaction to UFPs, cause other ANS effects such as 
changes in heart rate  
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 Pathway 2b – UFPs are translocated to the brain through neuronal 
uptake via transcytosis, causing injury or toxicity to the brain, which 
may in turn cause cardiovascular autonomic dysfunction 
 Pathway 2c – the result of pathway 1c (UFPs stimulate nerve endings 
in the walls of the airways causing direct respiratory reflexes) is 
cardiovascular autonomic dysfunction leading to cardiac dysrhythmia.   
These six pathways are illustrated in Figure 2.10. 
The experts rated the likelihood of each of the six identified possible causal 
pathways separately. Out of these six, the highest likelihood was rated for the pathway 
involving respiratory inflammation and subsequent thrombotic effects (Pathway 1a). 
The likelihood of an independent causal relationship between increased short-term 
UFP exposure and increased all-cause mortality, hospital admissions for 
cardiovascular and respiratory diseases, aggravation of asthma symptoms and lung 
function decrements was rated medium to high by most experts. The likelihood for 
long-term UFP exposure to be causally related to all-cause mortality, cardiovascular 
and respiratory morbidity and lung cancer was rated slightly lower, mostly medium.  
In conclusion, although data from in vitro and in vivo studies and expert 
elicitation support the plausibility of UFPs to cause inflammatory damage to tissue 
through oxidative and translocation mechanisms, more epidemiological studies are 
required to support the hypothesis that UFPs exert health effects independently of the 
coarser particle size fractions.   
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Figure 2.10. Schematic overview of causal pathways potentially explaining the manifestation of acute 
cardiac events caused by UFP exposure [25]. 
 
2.9.2 Fine and coarse particles 
Much of what is known about the toxicology of particle matter, including NPs, 
is derived from epidemiological studies of exposure to the fine and coarse particle size 
mode of ambient air pollution.   
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Brunekreef and Frosberg [18] reviewed the literature reporting time-series 
studies relating fine and coarse particulate matter to mortality, and concluded in most 
urban areas the evidence is stronger for health effects from PM2.5 particles than PM10.  
This relates to the reactivity, toxicology, size, and chemical composition of the fine 
particles, including soluble or insoluble molecules adsorbed to the surface of the 
particle [135]. Fine particles are more of a health concern than coarse particles because 
fine particles can be breathed more deeply into the lung [19, 32, 151], and remain 
suspended for longer periods of time [19]. Fine ambient particles are more likely to be 
toxic than coarse particles because their combustion derived source results in a carbon 
core [32] that carries a complex mixture of adsorbed transition metals, (polyaromatic) 
hydrocarbons [152], acid condensates, sulfates, and nitrate [19, 24]. Sulfate particles 
generally make up the largest fraction of fine particles by mass of particles derived 
from the combustion of fossil fuels, and are commonly generated by conversion from 
primary sulfur emissions and can be acidic [151]. 
The literature is clear the PM10 fraction cannot be considered harmless because 
the PM10 fraction can enter the respiratory system [136], with coarse particles in size 
range of > PM2.5 to PM10 primarily targeting the thoracic portion of the lung, in contrast 
to the PM2.5 fraction that can reach the alveolar region of the lung [19].  An increase 
in the incidence of hospital admissions for heart disease [153, 154], chronic obstructive 
pulmonary disease [153], and pneumonia [153, 154] was observed for each 10 µm m-
3 increase in PM10 concentration.  An increase in daily total death rate of 1% [155] and 
0.67% [156] was associated with each increase in PM10 concentration.  
Elevated PM10 was found to be associated with increased mortality [19], with 
locations that had higher PM2.5/PM10 ratios having stronger associations, suggesting 
that fine particles may be most responsible for the observed associations [19]. The 
relative contribution of the PM2.5 and PM10 size modes to health effects is related to 
whether the source of the particle matter is dominated by combustion or mechanical 
particle generating processes [136], which influences the size and surface toxicology 
of the particles.  In addition, if the source of the air pollution is mainly combustion 
engine related, then in addition to the predominance of fine particles, exposure is likely 
to increased concentrations of gases such as CO, NO2, SO2, O3, that also adversely 
target the cardiovascular system [21, 135].   
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However, statements about PM2.5 health effects dominate the literature because 
PM2.5 is likely to be a large fraction of PM10, and therefore any statement about PM10 
is likely to also be valid for, or even dominated, by the PM2.5 component [18].  
Elevated exposure to ambient PM2.5, and in particular urban air pollution [32], is 
reported to be associated with cardiovascular [32, 49, 59, 157], and respiratory [59, 
158-163] morbidity, including morbidity in already compromised or susceptible 
fraction of the population and increased respiratory hospitalisations [159, 164, 165].  
Some authors conclude the association of fine particles to respiratory disease to be 
much weaker than for cardiovascular disease [157].  Recent and increasing frequency 
of episodes of high concentration ambient air-pollution in Beijing has resulted in 
further studies of the impact of air pollution on human health.  These studies [263, 264, 
265, 266, 267] also report a causal relationship for mortality and morbidity with 
exposure to airborne fine particles.  
Mechanisms of air pollution-induced toxicity include: inflammation-related 
disorders within the lungs [21, 64], chronic inflammation within the myocardium [21, 
23, 135],  fibrosis within the ventricles [21, 135], pro-thrombotic changes in the blood 
[21, 23, 135],  atherosclerosis [23, 138], acute changes in vascular tone [21, 23, 135], 
and generation of reactive oxygen species in the heart muscle and/or endothelial cells 
[21, 135], myocardial infarction [138], and disturbance in cardiac autonomic control 
[138]. 
Exposure to ambient particle matter may also be associated with disease of the 
central nervous system [14].  Chronic exposure to the PM2.5 size fraction of ambient 
PM has been linked to neuroinflammation proteins and reactive oxygen species 
associated with the increased incidence of stroke, and Alzheimer’s and Parkinson’s 
disease [14].  Although limited association of air-pollution to central nervous system 
pathology is recognised in the literature,  the mechanisms driving the pathology are 
not fully understood [14, 31].   
In addition, it is not fully understood why certain people develop health effects 
when exposed to particle matter, and genetic factors are likely to play a major role 
[166], plus also pre-existing chronic lung disease, coronary heart disease, and heart 
failure [23].  
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The following six studies deserve particular mention because the researchers 
have controlled for the effect of other causes of cardiopulmonary health effects, such 
as cigarette smoking, and have included a large number of subjects or study areas over 
long periods of time.   
In a prospective cohort study of air pollution and mortality of 8,111 adults in six 
U.S. cities over a 14-16 year period during the 1970’s and 80’s (known also as the 
Harvard six cities study), Dockery et al. [24] concluded there was a statistically 
significant association between long term fine-particulate and sulfate air pollution 
exposure and cardiovascular and lung cancer mortality [24].  Importantly, this 
conclusion was made after controlling for other risk factors such as cigarette smoking, 
age, sex, education level, body-mass index (BMI), and occupational exposure.   
Laden et al. [167] conducted a follow-up cohort study to the Harvard six cities 
study, for an eight year period during the 1990’s and concluded a strong association of 
cardiovascular mortality with long term ambient PM2.5 and sulfate particle 
concentrations, and a weak (not statistically significant) association with lung cancer.  
An increase in overall mortality was associated with each 10 μg m-3 increase in PM2.5. 
In addition they concluded that although respiratory mortality was positively 
associated with average PM2.5 concentration, the association was not statistically 
significant.   
Pope et al. [151] evaluated the effects of air pollution on long term mortality by 
linking air pollution data from 151 U.S. metropolitan areas in the year 1980 with 
individual risk factors on 552,138 adults who resided in these areas when enrolled in 
a prospective study in 1982 (known also as the American Cancer Study [ACS]). The 
researchers controlled for cigarette smoking, cigar and pipe smoking, occupational 
exposure, alcohol use, education, age, sex and BMI and concluded, that though small 
when compared to cigarette smoking, combustion source fine particulate and sulfate 
air pollution was associated with increased cardiopulmonary and lung cancer mortality 
but not with mortality due to other causes. Lung cancer was more strongly associated 
with sulfate particles than the more general index of fine particle mass.  
A subsequent follow-up of 500,000 ACS participants in 1998 indicated that there 
was a 4%, 6%, and 8% increased risk of all-cause, cardiopulmonary, and lung cancer 
mortalities, respectively, per each 10µg m-3 increase in PM2.5 [151]. 
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In 2006 Pope et al. [19] published a review of epidemiological studies of ambient 
particle matter on human health published in the scientific literature since 1997 and 
concluded there had been a substantial growth in studies dealing with particle matter 
exposure that associated long term exposure with increased cardiovascular mortality, 
inflammatory lung injury, and atherosclerosis. Short-term exposure was found to be 
associated with cardiovascular mortality and hospital admissions, stroke mortality and 
hospital admissions, myocardial infarcts, pulmonary inflammation, altered cardiac 
autonomic function, and arterial vasoconstriction.  This included evidence for both 
acute and chronic health effects from the PM2.5 and PM10 size fractions air pollution.  
These researchers also concluded that the scientific literature included gaps in 
knowledge regarding (1) an understanding of who is most at risk or most susceptible; 
(2) the impacts of PM exposure on infant mortality and various birth outcomes, 
including foetal growth, premature birth, intrauterine mortality, and birth defects; (3) 
effect of ambient PM on the risk of lung cancer; (4) the role of various characteristics 
and constituents of PM, and what is the relative importance of various sources and 
related co-pollutants; and (5) the biological mechanisms.    
In relation to particle matter-lung cancer association, Pope et al. [19] also 
concluded from their review of the epidemiological studies that the evidence of particle 
matter-lung cancer association was not nearly as compelling as the association for non-
malignant cardiopulmonary disease.  
In 1997, the data from both the Harvard six cities study and the ACS study was 
re-analysed by an independent research group who concluded the data was generally 
of high quality and the results could be reproduced and validated [19]. The re-analysis 
also concluded the health effects were more associated with the PM2.5 size fraction, 
and that PM10 and gaseous pollutants except SO2 were not associated with increased 
morbidity [19].   
The literature also reports that short-term exposures to particulate pollution can 
exacerbate existing cardiovascular and pulmonary disease and increase the number of 
persons in a population who become symptomatic, require medical attention, or die 
[23, 168, 169]. In 2004, the American Heart Association published a Scientific 
Statement that concluded “…studies have demonstrated a consistent increased risk for 
cardiovascular events in relation to both short- and long-term exposure to present-day 
concentrations of ambient particulate matter” [23].   
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According to Pope et al. [19], the 1990’s saw a critical mass of findings in the 
literature reporting the association of health effects at “low to moderate concentrations 
of ambient particle matter”.  A review of this literature can be found in Pope et al., 
[19], and includes references cited in this thesis.  In 2005, the World Health 
Organisation (WHO) [136], in response to the growing epidemiological data on the 
association of ambient particle matter to respiratory and cardiovascular mortality, 
revised its air quality guidelines and concluded: 
The range of effects is broad, affecting the respiratory and cardiovascular 
systems and extending to children and adults and to a number of large, 
susceptible groups within the general population. The risk for various 
outcomes has been shown to increase with exposure and there is little evidence 
to suggest a threshold below which no adverse health effects would be 
anticipated. In fact, the lower range of concentrations at which adverse health 
effects has been demonstrated is not greatly above the background 
concentration which has been estimated at 3-5 μg/m3 in the United States and 
Western Europe for particles smaller than 2.5 µms (PM2.5). The 
epidemiological evidence shows adverse effects of particles after both short-
term and long-term exposures. 
Therefore, the regulatory focus of air pollution standards includes both the PM2.5 
and PM10 size modes with 24 hour and annual average standards for PM2.5, comprising 
the size fraction that can reach the small airways and alveoli, and PM10 standards to 
address coarse particles that could readily penetrate and deposit in the tracheo-
bronchial tree [136].   
Sub-populations are at risk of specific health outcomes due to exposure to 
ambient PM, as summarised below [170]: 
 Individuals with respiratory disease (e.g., chronic obstructive 
pulmonary disease, acute bronchitis) and cardiovascular disease (e.g., 
ischemic heart disease) are at greater risk of premature mortality and 
hospitalisation 
 Individuals with infectious respiratory disease (e.g., pneumonia) are 
at greater risk of premature mortality and morbidity (e.g., 
hospitalisation, aggravation of respiratory symptoms). Also, exposure 
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to particle matter may increase individual susceptibility to respiratory 
infections 
 Elderly individuals are also at greater risk of premature mortality and 
hospitalisation for cardiopulmonary causes 
 Children are at greater risk of increased respiratory symptoms and 
decreased lung function 
 Asthmatic children and adults are at risk of exacerbation of symptoms 
and increased need for medical attention. 
Secondary inorganic particles, such as particulate-phase sulfur oxides/sulfate, 
have been identified as one major constituent of ambient aerosol, possibly responsible 
for these health effects [171].  These secondary inorganic particles are produced within 
the atmosphere via chemical reactions and are dominated by sulfates and nitrates, and 
mostly as a component of fine particle matter [20]. Characteristic of the particulate-
phase sulfur oxides are strongly to weakly acidic sulfates existing as pure aqueous or 
solid particles, or as a surface layer on other solid particles [20].  However, a review 
of the toxicology of these particles provided by human and animal exposure studies by 
Schleslinger and Casse [20] concluded the currently available toxicological database 
does not support a role for secondary inorganic aerosols in adverse health outcomes 
noted in epidemiological studies, in that levels of these particles, and specifically the 
most toxicologically potent acidic species, needed to produce any effect in controlled 
studies are well above those found in ambient air in both the United States and the 
Netherlands.   
Other animal studies indicate that transition metals and carbonaceous material 
from particle matter mediate some cardiotoxic effects of particulate air pollutants [172, 
173].  
A number of studies [62, 174-179] cited by Maynard and Kuempel [29] have 
shown that the solubility of inhaled particles and fibres influences their toxicology, for 
example, poorly soluble substances retained in the lungs have caused oxidative stress 
leading to inflammation, fibrosis, or cancer.  In general, particles with less biologically 
reactive surfaces are less toxic. However even particles with lower inherent toxicity, 
for example titanium dioxide [8, 62], and carbon [62], can cause pulmonary 
inflammation and fibrosis at sufficiently high surface area doses.  This is a result of 
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particle overload to the lung overwhelming the ability of macrophages to clear the 
particles [62].  
The toxicological evidence for surface area as a valid dose metric is strongest 
for insoluble particles [63, 64].  Driscoll [180] cited in Donaldson [62] concluded 
surface area of lung deposited insoluble particles , such as TiO2, diesel soot, carbon 
black, photocopier toner, talc and coalmine dust, was the best correlate of 
tumorigencity, not mass.    
Both soluble and non-soluble particles have been shown to cause inflammatory 
responses in the lung.  Adamson et al. [65] instilled whole dust and its soluble and 
leached components into rat lungs and concluded both the insoluble and soluble 
components of the dust caused an inflammatory response.  The insoluble fraction 
caused a much higher response than the soluble fraction, with the presence of soluble 
metals within the soluble fraction responsible for the soluble fraction inflammatory 
response.   
It is clear from this literature review that ambient particle matter consists of a 
complex mixture of components, that short and long term exposure to ambient particle 
matter is associated with increased morbidity, but the exact physicochemical nature of 
the component/s responsible for health effects is not as yet clear.  Questions remain to 
be answered on the individual or combined effect of combustion components, brake 
and tire wear components, gaseous polluants such as CO and NO2, and the role of 
UFPs or primary versus secondary particles [268]. 
2.9.3 Engineered nanoparticles 
From the 1990’s onwards, papers were increasingly published in the literature 
describing the mechanisms of formation, emission, transport, and measurement of 
airborne ENPs arising from nanotechnology processes.   
Direct evidence of adverse health effects from exposure to ENPs in humans is 
scant, although more evidence exists for such in relation to animal studies [181].   
Publications documenting studies of human exposure to ENP are scarce in the 
literature relative to publication of in vivo and in vitro (toxicological) studies relating 
to possible ENP hazards. 
As a result, there is minimal epidemiological evidence of health effects in 
humans from exposure to ENPs.  Reasons for this include (a) the vast array of ENMs 
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with differing morphology and chemical composition makes it difficult to conduct 
generic evaluations [181], (b) nanotechnology is a new technology and so sufficient 
time for robust cohort studies has not presented as yet [181], (c) agreement has not yet 
been reached as to what particle metric/s reflect disease risk [181], (d) the development 
of equipment/instrumentation that allows breathing zone assessment of exposure to a 
wide range of possible health-related UFP particle characteristics is in its 
developmental infancy [181], (e) the number of workers using or making 
nanomaterials is small, severely limiting the statistical power of epidemiological 
studies [36], and (f) related to all of the above is the difficultly in generalising data 
across workplaces due to different measurement techniques and reporting details 
utilised in workplace studies [36].   
As with all particles, three essential components are required for risk analysis of 
likely human health effect arising from exposure to ENPs  – first, the level of exposure, 
second, cases that have occurred, and third, factors that might confound or modify the 
exposure-response relationship [134].  Information is limited with regard to ENPs, 
within the literature in regard to these three components.  The available literature is 
reviewed below.  
Although the association of health effects to ambient particle matter, in particular 
PM2.5 is clearly articulated within the literature, evidence of health effects from 
exposure to UFPs, including ENPs is not as strong.  ENMs are structurally and 
chemically diverse and should not be considered as a group of similar compounds 
[182]. Therefore, they cannot be considered to be collectively intrinsically benign or 
hazardous, but rather a separate risk assessment will need to be done on each material 
[36].  
Ironically, the physicochemical properties of ENPs that provide their technical 
advantages are also the properties that can lead to biological effects.  These include - 
small size (surface area and size distribution), chemical composition (purity, 
crystallinity, electronic properties), surface structure (surface reactivity, surface 
groups, inorganic or organic coatings), solubility, shape and aggregation [183].   
UFPs have a small size and a large surface area, with a resultant increased ratio 
of surface to total atoms or molecules [3]. As surface atoms or molecules play a 
dominant role in determining bulk properties, nanotechnology scientists aim to exploit 
the resultant increased surface reactivity to develop new materials and products [3].  
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However, the increased surface reactivity allows the potential for NPs to exhibit 
greater biologic activity per given mass compared with larger particles [3].  
Oberdorster [3] succinctly summarises this:-   
This increased biologic activity can be either positive and desirable (e.g., 
antioxidant activity, carrier capacity for therapeutics, penetration of cellular 
barriers for drug delivery) or negative and undesirable (e.g., toxicity, induction 
of oxidative stress or of cellular dysfunction), or a mix of both. 
Not surprisingly, in vitro and in vivo studies of ENPs have concluded ENPs to 
have similar toxicology to other UFPs.  For example, the literature indicates ENP 
produce oxidative stress and increases in inflammatory markers in a range of tissues 
[184-191]. These studies clearly indicate the role specific particle surface chemistry 
plays in elicitation of inflammatory responses.   
The conclusions following a review of the literature by Drew [36] include:  
 while low concentrations of ENPs, relative to those in the lung, can be 
found in pulmonary lymph nodes, very little appears to reach extra 
pulmonary tissues, however  distribution studies after parenteral 
administration show that if ENMs are absorbed into the systemic 
circulation they are widely distributed throughout the body [36] 
 ENPs are primarily distributed to tissues that have fixed phagocytic 
cells (e.g. the reticuloendothelial (RE) system of the liver, spleen and 
lymph system) where, due to the longevity of the cells, they may 
remain for a long time [192-197]. The effects of long term ENPs in 
these tissues have not been studied [36] 
 chronic animal inhalation studies with ENPs conducive for the 
detection of cancer are not available [36] 
 genotoxicity of ENPs appeared to be secondary to production of 
reactive oxygen species [36] 
 immunotoxicity of ENPs is still to be confirmed [36] 
 for selected ENPs the same dose of NPs produced higher levels of 
inflammation and immunosuppression than their submicron sized 
counterparts (e.g. with FeO) [143]  
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 inhaled ENPs do not appear to be readily absorbed through the lungs 
and into the systemic circulation [36]. 
There are common experimental design issues associated with in vitro and in 
vivo kinetic/distribution studies undertaken with ENMs that should be considered 
when evaluating or using the data for human risk assessment [36].  These include:  
 administered doses are often unrealistically high relative to 
anticipated human exposures  
 studies do not always provide relevant information on the biokinetics, 
systemic absorption or hazard profile of the ENMs  
 characterisation of the nanomaterial is often in a medium different 
from that to which humans are exposed. Occupational exposure is 
invariably to agglomerates and not the pristine ENM that has been 
carefully characterised and tested in biokinetic or toxicological studies  
 most of the absorbed ENM is translocated to the respiratory lymph 
system and not to the general circulation.  
According to Drew [36]:  
The weight of evidence indicates ENMs of various kinds do not penetrate 
through intact or mildly abraded skin into the live cell layers. The ENMs are 
confined to the non-viable stratum corneum layer. There are however a few 
studies suggesting nano-TiO2 <10nm may cross into deeper layers of the skin 
and in certain animal models (e.g. nude mice) into the systemic circulation. 
However, the relevance of these studies to hazard identification and risk 
assessment for humans has been questioned by the Australian Therapeutic 
Goods Administration. 
In addition, agglomeration of airborne particles can significantly influence 
toxicological responses of ENPs as agglomerated ENMs are less well taken up by cells 
than primary nanoparticles [36].  Therefore, agglomerated ENMs have lower in vitro 
cellular toxicity compared to the primary nanoparticle.   
Although surface area of ENPs is considered to be a key determinant of 
toxicological effect, there is growing evidence that some ENPs are able to be 
extensively and stably coated with a variety of macromolecules present in biological 
milieu, thereby reducing the toxicity of the particles [36].  This means each ENM may 
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need to be individually tested to ascertain the influence and role that protein binding 
to ENPs has on their cellular uptake, distribution and biological effects [36]. Studies 
by Lankoff et al. [198] and Ge et al. [199] reviewed by Drew and Hagen [36] indicate 
that protein binding has marked influence on in vitro agglomeration of the particles 
and generally the agglomerated ENPs  were less well taken up by cells, and were 
essentially confined to the cytoplasm, whereas individual nanoparticles were found in 
the nuclei and mitochondria. Although both non-agglomerated and agglomerated 
particles caused cell death, the agglomerated particles were significantly less potent. 
The general toxicological properties of ENPs have been reviewed above. As 
there is such a vast, if not infinite, range of ENMs, toxicological investigation has only 
been performed on very a small number of ENMs.  Four such ENMs that have 
relatively substantive toxicological investigation described in the literature are: CNTs 
and carbon nanofibres (CNFs), titanium dioxide (TiO2), zinc oxide (ZnO), and silver 
(Ag).   The results of these studies are reviewed below.   
 
Carbon nanotubes and nanofibres 
Because of their unique physicochemical, electrical, mechanical, and thermal 
properties, CNTs are finding numerous applications in electronics, aerospace devices, 
computers, and chemical, polymer, and pharmaceutical industries [200]. 
CNTs present as compact tangles of nanotubes that are essentially non-fibrous 
particles, or as longer, straighter fibres [66].  In addition, graphene, the basic structural 
component of CNTs is biopersistent, particularly when pristine with few deficits and 
un-derivatised [66].  CNTs can have aspect ratios of up to ≥ 100, and length can exceed 
5 μm with diameters ranging from 0.7 to 1.5 nm for SWCNT, and 2 to 50 nm for 
MWCNT [3].  As a result, CNTs can impart both classical particle and fibre 
toxicology, as described in section 2.5.  Physico-chemical traits of toxicological 
concern with CNTs include the fibrous length [28, 201, 202] being too large for 
effective phagocytosis to occur [202], biopersistence [201, 203], functionalisation [28, 
204], metal contamination [28, 201, 205] which may lead to oxidative stress, 
inflammation [202, 203], fibrosis [203], granulomas [202, 206], and potential 
formation of mesothelioma [201, 202].  
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Arising from these physico-chemical traits, the following toxicological modes 
of action for CNTs include [36]: 
 propensity to induce sustained oxidative stress  
 physical dimensions that promote tumorigenic potential  
 physical dimensions that promote interference with intercellular 
structures. 
 biopersistence.  
These toxicological modes of action have been tested using in vivo studies that 
include exposing rodents to CNTs via intratracheal, intraperitoneal, instrascrotum, and 
pharyngeal aspirations routes.   
Takagi et al., [201] concluded, after injecting samples of (i) stiff, fibrous 
MWCNT, (ii) crocidolite, and (iii) fullerene into the abdominal (peritoneal) cavity of 
mice, that carbon-made fibrous or rod shaped micrometre particles may share the 
carcinogenic mechanisms postulated for asbestos.    
Poland et al., [202] concluded, after injecting samples of (i) long, straight 
MWCNT, (ii) short tangled MWCNT, (iii) long-fibre amosite, (iv) short-fibre amosite, 
and (v) a non-fibrous nanoparticle carbon black material into the abdominal 
(peritoneal) cavity of mice, that long straight nanotubes act like long straight asbestos 
fibres and cause mesothelial injury.   
However, an important finding of both these studies was that the long MWCNT 
and not the short MWCNT were implicated in damaging the mesothelial tissue in a 
manner similar to asbestos fibres.  The conclusions from these two studies confirm 
what is known about fibre toxicology in general, i.e. fibre toxicity is a function of 
aspect ratio and properties increasing biopersistence within the lungs [73]. 
Although these studies mimicked the biopersistence and lung retention of known 
fibrogenic fibres, the high experimental doses and non-physiological routes of 
exposure used in some experiments are problematic in extrapolating the data to human 
effects [36].  However, the literature is conclusive that CNTs can promote both a 
particulate (lung fibrosis) in lung tissue, and fibre-like (mesothelioma) pathogenic 
response in pleural mesothelial tissue: 
 Chapter 2: Literature Review 92 
 fibre-like (mesothelioma) - Long thin SWCNT or MWCNT with high 
aspect ratios, have fibrogenic toxicological properties similar to 
certain forms of asbestos, including ability to induce mesothelioma, 
whilst short or tangled CNTs did not display these effects [61, 66, 201, 
202, 207].  This mesothelioma effect is significant for particle 
toxicology because mesothelioma, has only been associated with 
asbestos and one other long fibre-shaped particle, erionite (that is not 
part of the asbestos family) [60]  
 particulate (lung inflammation, oxidative stress, fibrosis) - all CNTs 
can induce sustained inflammation, fibrosis and  granulomata in lung 
parenchyma (lung walls as well as the blood vessels and the bronchi 
tissue) [200, 208-210], however only long CNTs elicit inflammation 
in the pleura cavity [61].  Muller et al. [211] concluded  MWCNTs 
that are <1 μm in length do not elicit a strong inflammatory response 
nor mesothelioma in the rat peritoneal screening assay  
 biopersistence of CNTs was a critical factor in both the particulate and 
fibre pathogenic response [207, 210] 
 the lung inflammation, granulomata and fibrotic reactions and 
epithelial cell mutations appears to depend on, or be enhanced by the 
presence of defects on the CNTs [203, 211, 212].  
According to Shevedova et al., [200], CNTs,  
…being highly hydrophobic, are known to agglomerate/aggregate in air and 
aqueous solution and the degree of agglomeration/aggregation has been 
reported to modulate CNT uptake and toxicity.  The agglomeration yields 
large entangled structures, often “bird’s nest”-like, of micrometer-size. Since 
these physical forms of CNTs do not appear to be strongly associated with 
lung fibrogenicity it is a pressing question to determine the form of airborne 
CNTs in the workplace. 
The concept of aggregation is important when assessing the penetration and 
deposition of CNTs into the lung as emphasised by Donaldson et al. [28]: 
The deposition of CNT in the lungs is expected to depend on the form that the 
CNT take when they are aerosolised.  In an aggregated form, the CNT are 
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likely to be deposited in the lung like a particle with a similar aerodynamic 
diameter.  However, if CNT can be aerosolised as single fibres, their 
deposition will be conventional, i.e. based on aerodynamic diameter and the 
possibility of aligning with the airstream.  
Because only a small fraction of the CNT/CNFs being used in industry have been 
subjected to in vivo and in vitro studies, health and safety regulators have taken a 
precautionary approach and classified all CNT/CNFs as carcinogenic and fibrogenic 
[36, 125, 130].   
Titanium dioxide 
TiO2 is a metal oxide and is utilised in its nanoparticle form for a range of 
applications including photocatalysts, cosmetics, and pharmaceuticals, because of its 
high stability, anticorrosiveness, and photocatalytic properties. Specific examples of 
these applications include as a white pigment in paint, food colorant, ultraviolet 
blocker in cosmetics, welding rod-coating material, disinfectant in environment and 
wastewater, and photosensitizer for photodynamic therapy [213].    
The use of metal oxide nanoparticles, such as TiO2 (and others such as ZnO) in 
cosmetics and sunscreens (to filter ultraviolet [UV] light) has elicited public concern, 
expressed in headlines such as “your sunscreen may be killing you”, through media 
outlets that these particles can be absorbed through the skin and translocate within the 
body [214, 215].  However, Drew and Hagen [36] cite a number of studies [216-222] 
to conclude -  “Animal, human, and in vitro studies published since 2009 provide 
evidence that TiO2 NPs neither penetrate into viable cell layers nor cause toxicity after 
application (exposed for 4 hours up to 20 weeks) to intact or partially damaged skin, 
including from sunburn.”  
Nohynek and Dufour [217] conclude the weight of scientific evidence suggests 
that insoluble metal oxide NPs used in sunscreens pose no or negligible risk to human 
health, but offer large health benefits, such as the protection of human skin against 
UV-induced skin ageing and cancer, and that the toxicity of small metal oxide particles 
is generally related to their chemistry rather than their particle size (this reference 
applies equally to the use of ZnO in sunscreens discussed in the next section).  
In relation to toxicity associated with deposition of airborne TiO2 particles within 
the lung, a review of the in vitro and in vivo studies concluded [36]: 
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 the cytotoxicity of different TiO2 types to human lung epithelial cells 
increased in the following order: amorphous > anatase > anatase/rutile 
[223]  
 acute and repeat exposure inhalational studies published since 2009 
conclude that TiO2 NPs have low potential to induce pulmonary 
irritation or inflammation, since often only mild, transient effects are 
seen at high exposure concentrations [224-229]  
 the International Agency for Research on Cancer (IARC) has 
classified pigment-grade titanium dioxide as group 2B carcinogen 
(possible to human) [213].  According to Drew and Hagen [36]  the 
mode of action of lung cancer induced by poorly soluble particles with 
no specific toxicity is believed to be particle deposition in respiratory 
epithelium, decreased lung clearance (to the degree of overload), 
persistent inflammation, cellular injury and persistent cell 
proliferation, fibrosis, and secondary genotoxicity (mutation) in the 
lung cells. TiO2 is traditionally considered chemically inert and falls 
into the category of poorly soluble particles with no specific toxicity.   
The United States (US) NIOSH [230] reviewed the animal and human data 
relevant to assessing the carcinogenicity and other adverse health effects of TiO2, and 
using dose-response information from the rat and human lung dosimetry modelling 
and recommends the following occupational exposure limits for TiO2 - 2.4 mg m
-3 and 
0.3 mg m-3 for fine (<10 μm) and ultrafine (<100 nm) TiO2, respectively.  These US 
proposed workplace exposure limits for ultrafine and fine TiO2 are based on the 
induction of lung tumours in rats where particle overload was achieved [36] 
The recommended exposure level (REL) for ultrafine TiO2 includes exposure to 
engineered nano-TiO2. NIOSH used dose-response data from chronic inhalation 
studies to non-nano TiO2 in rats exposed to TiO2 to estimate working lifetime exposure 
and lung cancer risk in humans [36]. The REL reflects the higher mass-based potency 
of ultrafine TiO2 compared to fine TiO2, is associated with the greater surface area of 
ultrafine particles for a given mass [230].  Of note, NIOSH have defined “fine” using 
the convention of all particle sizes collected by respirable particle sampling (i.e. < 10 
μm), whereas, as defined earlier, the field of aerosol science uses the term “fine” for 
particle fraction of < 2.5 μm. 
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Zinc oxide 
ZnO is used as an antibacterial agent, in textiles, food packaging, baby powders, 
shampoos, bandage tapes and antiseptic ointments. ZnO is also used in sunscreens 
(blocker for UV-A and UV-B radiation) solar cells and liquid crystal displays [231]. 
In a review of the literature relating to in vivo and in vitro studies of ZnO, Drew 
and Hagen [36] concluded: 
 ZnO NPs follow a ‘Trojan horse’ type mechanism of toxicity in which 
once taken up by cells, they release intracellular Zn2+ [232, 233], 
meaning cellular exposure following deposition is to zinc ions rather 
than the nano form of the particle 
 transient, short term lung inflammatory responses related to dose were 
observed in mice exposed to aerosolised nano-ZnO [234]  
 ZnO NPs are unlikely to penetrate into or through viable layers of the 
skin and any possible absorption is tiny in amount relative to normal 
circulating levels of zinc, and does not affect the homeostatic balance 
of zinc in tissues, and regardless adverse effects have not been 
observed [235, 236]. Drew and Hagen [36] therefore suggest that the 
existing WES for soluble Zn2+ compounds may also be suitable for 
Zn-NPs. 
Silver 
The use of Ag NPs includes within wound dressings for antimicrobial purposes 
and within clothing for anti-odour purposes.  The literature indicates: 
 The antimicrobial effect is likely caused by Ag+ ions rather than their 
nano form (similar Trojan horse’ mechanism described for ZnO) [237-
240].  Drew [36] therefore suggests that the existing WES for soluble 
silver compounds may also be suitable for Ag-NPs 
 Although Ag-NPs are used for intentional bactericide effect, the 
overall toxicity of Ag-NPs demonstrated in animal experiments is 
considered to be low. For example, an acute inhalation toxicity study 
found no significant clinical effects on rats at any of the exposure 
concentrations (up to 750 μg/m3) [241], and alveoli inflammation and 
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alterations in lung function were found to only occur in the lungs, and 
then only at high exposure concentrations [242-245]. 
2.9.4 Airborne particles arising from the operation of laser printers 
No epidemiology studies directly associating laser printer emissions with 
adverse health outcomes were identified as part of this literature review.  However, 
one comprehensive review of the research literature related to the potential health 
effects associated with exposure to laser printer emissions measured as particles [246], 
was found.   
In 2007, a paper by He et al. [247] described the results of characterisation of 
airborne particle concentrations in the immediate vicinity of laser printers being used 
within office environments.  Since then a number of other papers describing the 
mechanisms of formation, emission, and transport of UFPs arising from the operation 
of laser printers within office environments have been published [248-250].   
Little information regarding health effects associated with exposure to airborne 
contaminants emitted during the operation of laser printers is available within the 
literature, particularly regarding first, the level of exposure, second, cases that have 
occurred, and third, factors that might confound or modify the exposure-response 
relationship. Information on all three components is essential for risk analysis of likely 
human health effect arising from exposure to particles [134].  With regard to the second 
component, no conclusive evidence of cases with health effects associated with printer 
emission on exposure to emissions arising from the operation of laser printers were 
identified within the literature.   
Two studies of indoor office environments [83, 251] characterised a number of 
sources of particles within indoor office environments including toasters, cleaning 
chemicals, laser printers, and ingress of outside air polluted with vehicle emissions and 
concluded:  
All eight-hour time-weight average (TWA) printer particle exposures except 
one were below the eight-hour TWA local background particle exposure for 
each office area, indicating that the majority of the average ultrafine exposure 
experienced by workers in these offices over the course of a working day came 
from sources other than printers, such as vehicle emissions infiltrating the 
building. 
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However, these studies did identify that for three printers, a statistically 
significant increase in peak particle exposure associated with printing over the local 
background particle exposure, at both 1 and 2 m indicating that at both distances from 
the printer the printer particle exposure was greater than the local background particle 
exposure [83, 251]. 
A number of other authors [247-250, 252-254] also concluded that office 
equipment such as photocopiers and laser printers were sources of airborne 
contaminants such as ozone, particulate matter including UFPs, VOCs and SVOCs.   
The source of these organic compounds is likely to be from the solvents used in toner 
[254] and from flame retardants, lubricants or plasticizers from the printer chassis, or 
chemicals used in the fuser unit [253]. The particles are volatile and are of secondary 
nature, being formed in the air from heating of the toner [249] and the fuser unit [253] 
during the printing process.  As with all such homogenous nucleation particle 
formation processes, the particles (at least) initially have a diameter < 100nm [249, 
253].  
Analysis of the chemical content of the aerosol arising from the operation of 
laser printers identified a range of organic compounds including toluene, ethylbenzene, 
m-p-xylene, o-xylene, styrene, ethylbenzene, pentadecane, hexadecane, heptadecane, 
and dimethyl phthalate [249, 254].  
Drew [246] noted although a number of authors [255, 256] have hypothesised 
that printer emissions contain toner dust (carbon black), none of these authors have 
demonstrated that toner dust is a component of printer emissions: 
 …carbon black particles are supermicrometre in size. If toner dust was 
generated during printer operation then a significant supermicrometre particle 
size mode would be expected, and such is not evident in numerous published 
results of printer emission experiments [249, 253]. 
In addition, Ewers and Nowak [257] argue that it is doubtful that toner dust is 
released during printer operation because the toner dust is released from the closed 
toner cartridge via a very narrow slit and the toner particles are then attracted by the 
electrostatically charged paper and can therefore not be emitted.  
Other authors [258, 259] have hypothesised that since exposure to VOCs, 
SVOCs and resultant NPs that is part of ambient pollution is known to cause 
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respiratory and cardiovascular health effects, including acute health effects such as 
eye, nose or throat irritation, headache and fatigue, then such health effects may result 
if the source of exposure is from office equipment.  However, these authors also 
acknowledge evidence was not conclusive for such health effects being caused by 
office equipment emissions and that these symptoms, often referred to collectively 
non-specific building related symptoms, could be caused by bioaerosols, poor building 
ventilation, emissions from building materials and furnishings, cleaning chemicals, 
and pesticides.  The authors also acknowledge psychological and work related factors, 
and varying odour sensory ability are important factor for individual response to the 
general indoor environment.  Therefore, although these studies show there may be a 
possible association of such hard copy equipment emission with health effects, no 
definitive causal relationship has been identified. 
 In addition, Drew [246] concluded: 
If the emissions of laser printers are primarily VOC, or SVOC, it would be 
logical to expect possible health effects to be more related to the chemical 
nature of the aerosol rather than the physical character of the ‘particulate’ 
since such emissions are unlikely to be or remain as ‘particulates’ after they 
come into contact with respiratory tissue. 
2.9.5 Defining nanotechnology 
Nanotechnology is the science of designing, producing, manipulating and using 
matter, structures and devices having one or more dimensions of roughly 1–100 nm 
where unique quantum physics phenomena enable novel applications [32, 260].  The 
resultant ENPs have very different properties compared to the same materials at larger 
sizes.  
Nanotechnology offers humankind an infinite range of new products, materials, 
and technologies [3, 32] such as targeted drug delivery to tissues, intravascular 
nanosensor and nanorobotic devices, improved cosmetics and sunscreens, enhanced, 
electronics, tyres, fuel cells, and clothing.  In materials science, ENPs allow for the 
making of products with new mechanical properties, including surface friction, wear 
resistance, and adhesion.  Consumer products such as cosmetics, sunscreens, fibres, 
textiles, dyes, and paints already contain ENPs [32].  In electronic engineering, 
nanotechnologies are used for instance to design smaller, faster, and less consuming 
data storage devices [260].   
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Manufacturing processes for ENPs are grouped into “top-down” and “bottom-
up: approaches, as illustrated in Figure 2.11.  Bottom-up approaches involve chemical 
reactions where single atoms or molecules are generated into nanostructures through 
gas-phase, vapour deposition or colloidal processes [127, 261].  The top-down 
approach involves the use of physical forces to break up larger pieces of material to 
form the required nanostructures [261].  Only gas-phase processes have the potential 
to cause exposure to primary NPs by inhalation during the synthesis stage, although 
all approaches may give rise to exposure to agglomerated, secondary NPs during 
recovery, powder handling and product processing [127]. 
 
 
Figure 2.11. Schematic representation of top-down and bottom-up approaches, and an example of 
bottom-up “self-assembly” of nanoparticles onto a substrate [261] 
 
In 2007, 9 billion dollars (US) was spent world-wide in the field of 
nanotechnology [32].  The production of ENPs arising from nanotechnology is a fast 
growing field and it is not possible to identify a finite list of such.  However, one way 
of categorising ENPs is by the chemical composition of the nanomaterial.  Many of 
the commercially important nanomaterials produced through the bottom-up and top-
down approaches can be classified into one of five classes [262], as outlined in Table 
2.6.  
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Table 2.6 
Classification of nanomaterials [262] 
Category Chemical composition 
examples 
Product example 
Fullerenes, Nanotubes, 
Nanowires 
Carbon, boron nitrides Anti-static fabric 
Metals Silver, gold, iron, copper Anti-microbial wound 
dressings 
Ceramics (metal oxides) Titanium dioxide, zinc oxide, 
cerium oxide 
Sunscreen filters, self-
cleaning glass 
Semiconductors (Quantum 
dots) 
Cadmium selenide, cadmium 
telluride 
Medical imaging agents 
Polymeric Hydrocarbon polymers Drug delivery devices 
 
2.10 KNOWLEDGE GAPS IN LITERATURE THAT HAVE INFORMED 
THE OBJECTIVES OF THIS PHD STUDY 
Gaps identified in the literature were utilised to inform the research objectives 
outlined in Chapter 1.  Knowledge gaps identified in the literature were used to 
formulate the objective outlined in Chapter 1 as follows.  
Firstly, although health effects from airborne particulates are clearly associated 
with the accumulation and coarse particle size fractions of an aerosol, it is inconclusive 
as to whether nuclei size fractions contribute separate toxicology to that of larger size 
fractions.  As a result debate is ongoing amongst health and safety regulators and other 
decision-makers and stakeholders as to which metric/s and measurement 
instrumentation should be used for assessing emissions from nanotechnology 
processes that deliberately generate primary particles in the sub 100 nm size mode.   
Secondly, although it is clear that nanotechnology processes and other industrial 
processes potentially expose people to NPs, and agglomerates and aggregates greater 
than 100nm in size, debate continues regarding which particle metric/s should be used 
to characterise such exposure.       
Thirdly, research data validating particle number and mass based excursion 
guidance criteria, that can be used to make decisions on whether emission and 
exposure from a process needs controlling, is lacking.   
Fourthly, limited studies have been published that evaluate and compare the 
strength of relationship between particle data calculated by selected real-time 
instruments, such as CPCs, OPCs, and photometers, to different sources of ENPs and 
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other anthropogenic sources such as from laser printers, within actual workplace 
environments.   
Chapters 3–11 contain published papers and reports and each of which contribute 
towards addressing the different gaps in knowledge. 
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3.1 MANUSCRIPT 
Several publications have recently appeared which describe the release of ultra-
fine particles (UFP; size < 100 nm) from hardcopy devices not only in chamber tests 
but also under real room conditions. Due to assumed health impacts attributed to UFPs 
this subject currently receives substantial public attention. Regarding the occurrence, 
the source and the chemical nature of UFPs a large number of questions are still open 
For the characterization of emitted UFPs from laser printers, different test 
methods (box chamber tests, flow chamber tests, furnace tests) and analytical 
techniques (SMPS, FMPS, VHTDMA, GC-MS, ICP-MS, Headspace/MS, 
thermography, etc.) were applied. It could be shown that the release of UFPs from 
hardcopy devices is often not a continuous process which extends over the entire 
printing sequence. Instead, the emission is characterized by a short-term “initial burst” 
(“non-constant” emitter). When a rapid sequence of cascade measurements is taken, 
there is often a considerable reduction in emissions from one print to the next. With 
another type of printer (“constant” emitter) emission behaviour over time is on the 
other hand more even. Measurements with modified devices have demonstrated that 
particles can also be released without any toner and paper being present. From furnace 
experiments and thermography it is assumed that the fuser unit and the fuser 
temperature appear to be important factors being involved in the creation of the UFP 
emissions. The presence of water (paper humidity) also influences the emission of 
UFP. In the test chamber, the size distribution of the particles shows one mode at 10–
20 nm, which is caused by toner and fuser, and one mode at 80–100 nm, which is 
caused by paper. VHTDMA experiments provided information about the nature of the 
particles (primary or secondary). The vapor pressure of the particles could be estimated 
from temperature. vs. concentration curves. GC-MS analysis proved that some organic 
compounds of printer components can also be found in sampled particles. The 
evaluation and comparison of all obtained results gives a good picture on the formation 
and chemical constitution of particle emissions from laser printers. 
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4.1 ABSTRACT 
While current research has demonstrated that the operation of some laser printers 
results in emission of high concentrations of ultrafine particles, fundamental gaps in 
knowledge in relation to the emissions still remain. In particular, there have been no 
answers provided to questions such as (1) what is the composition of the particles? (2) 
what are their formation mechanisms? and (3) why are some printers high emitters, 
while others are low? Considering the widespread use of printers and human exposure 
to these particles, understanding the process of particle formation is of critical 
importance. This study, using state-of-art instrumental methods, has addressed these 
three points. We present experimental evidence that indicates that intense bursts of 
particles are associated with temperature fluctuations, and suggest that the difference 
between high and low emitters lies in the speed and sophistication of the temperature 
control. We have also shown, for the first time, that the particles are volatile and are 
of secondary nature, being formed in the air from VOC originating from both the paper 
and hot toner. Some of the toner is initially deposited on the fuser roller, after which 
the organic compounds evaporate and then form particles, through one of two main 
reaction pathways: homogenous nucleation or secondary particle formation involving 
ozone. 
Keywords: Laser printer, particle number, particle emission, volatile organic 
compounds, indoor pollution. 
4.2 INTRODUCTION 
Recently, several studies have reported that laser printers can be significant 
sources of ultrafine particles (<0.1 µm) (1-7) - a complex pollutant, whose 
toxicological effects have been recently acknowledged by the World Health 
Organisation (8). Some of these studies, along with others, have shown that the printers 
can also be a source of larger particles (3,6,9,10), as well as volatile organic 
compounds (VOC) and ozone (2,3,9-12). So far however, neither the composition of 
the particles, nor their formation mechanisms or relationship to other emitted 
pollutants has been explained (4). Despite the apparent simplicity of testing the 
emissions from these relatively small devices, the persistent challenge is in interpreting 
the results, which stem from several potential contributors to the emissions such as 
paper, toner powder, fuser roller and lubrication oil, as well as a number of possible 
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physicochemical pathways for particle formation. In this paper, we describe the results 
from an extensive set of measurements aimed towards identifying the source and 
nature of the emitted particles and to identify the factors that determine whether a 
specific laser printer is a high or low emitter of particles.  
4.3 METHODS 
4.3.1 Printers and Media 
Based on the results of our previous work (1) and the classification developed, 
we selected two popular printers for this research: A HP 2200 (Printer L) and a HP 
1320n (Printer H), the latter showing particle emission three orders of magnitude 
higher than the former, therefore described here for comparative purposes as ‘low’ and 
‘high’ emitting printers, respectively. Each printer was operated to generate 0%, 5%, 
or 50% toner coverage on the printed paper, using the toner specified by the printer 
manufacturer, and two different types of paper. The printers were operated either in a 
flow through tunnel, to provide information on characteristics of particles with high 
time resolution during and after the emission, or in an experimental chamber, to 
provide information on particle volatility and hygroscopicity (which requires more 
time and more stable conditions than that available during tunnel measurements), as 
well as information about the aging of particles. Both methods also provide 
information on ozone and VOCs emissions. In addition, emissions from the idle belts 
of the fuser rollers, paper, toner powder and lubricating oil were investigated whilst 
being heated in a controlled-temperature furnace to provide insight into particle 
formation from each of these materials independently from others. The study involved 
over 160 emission tests. 
Two types of printer paper, each of density 80 g m-2 were used. These were (1) 
‘PaperOneTM Copier’ from PaperOne Co, Indonesia and (2) ‘Imperial’ from Imperial 
Co, Indonesia. The paper was stored under laboratory conditions of approximate 
temperature 22 – 25 °C and 40-60% relative humidity. The water content of the paper 
was tested and found to be 2.8% for (1) and 2.9% for (2). 
 
4.3.2 Instrumentation, sampling and analytical methods 
Particle size distribution and concentration: Total particle number concentration 
in the submicrometre size range was measured by two TSI Incorporated (St. Paul, MN) 
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Condensation Particle Counters (CPCs), Model 3022A and Model 3781, with a 
sampling time of 1 s and a size range of 0.007 - 3 µm. Particle size distribution in the 
submicrometre range was measured by a Scanning Mobility Particle Sizer (SMPS) 
incorporating a TSI Model 3080 Electrostatic Classifier (EC) or TSI Model 3071 EC 
with a CPC Model 3025A, with a sampling time of 120 s and size range of 4 - 160 nm 
or 15 - 760 nm respectively. Particle size distribution in the supermicrometre range 
was measured by a TSI Model 3320 and a TSI Model 3312A Aerodynamic Particle 
Sizer (APS), with a sampling time of 10 s and a size range of 0.54 - 20 µm.  
Particle volatility and hygroscopicity: A Volatilisation and Humidification 
Tandem Differential Mobility Analyser (13) (VH-TDMA) (comprising of two TSI 
Model 3010 CPCs and three TSI Model 3071A ECs) was used to measure the thermal 
decomposition and hygroscopic behaviour of particles in the dominant size range. The 
VH-TDMA selects particles of a very well defined size from within the instrument 
range (0.007 - 0.7 μm), and subjects them to thermal treatment at successively higher 
temperatures, while measuring the volume and water activity (via hygroscopic growth) 
of the thermally modified particles. The interpretation of VH-TDMA measurements is 
discussed in detail in the text accompanying Figure S2 in the supporting information. 
Temperature accuracy in thermodenuder is ± 2 °C, the relative humidity accuracy 
during humidification is better than ± 5%. 
Ozone and VOC concentrations: Ozone and Total Volatile Organic Compounds 
(TVOC) concentrations were monitored using an UV-106 Ozone Analyzer (Ozone 
Solutions, Inc. IA, USA with a flow rate of 1 L min-1, a sampling time of 10 s and an 
accuracy 2 %), and a PPB Rae Plus Photoionisation Detector (PID, RAE Systems Inc., 
San Jose,CA, USA, resolution 1 ppbv), respectively. TVOC is usually defined as the 
sum of substances eluting between C6 and C16 on a non-polar column. In addition, 
the PID used in this study will detect some more volatile (VVOC) and less (SVOC) 
volatile substances so that the TVOC-values reported here are in fact TVOC (PID)-
values. 
Temperature during printing: The average fuser heater surface temperature 
during printing was monitored using a thermocouple (time resolution of 1 s), placed 
between the fuser pressure roller and idle belt. The output voltages of the printer inbuilt 
fuser temperature sensors were monitored and recorded on a digital storage 
oscilloscope (time resolution of 10 ms) and calibrated against a thermocouple. The 
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resulting high temporal resolution data, recorded in unison with the analogue 
concentration representation from the CPC (3781) allowed the temporal relationship 
between the sensor and particle number concentration to be examined very precisely.  
It is important to note that, due to limitations imposed by the thermal time constant of 
the thermistor used, the magnitude of any change in temperature could not be fully 
registered, except where it persisted for several seconds. 
Chemical Analyses: Samples were collected for the qualitative analysis of 
Volatile and Semivolatile Organic Compounds (VOC and SVOC). Active sampling 
was conducted on stainless steel desorption tubes (Perkin Elmer) that were filled with 
Tenax TA (Chrompack), using Chematec FLEC pump which operated at 150 ml min-
1, for 34 min. They were subsequently analyzed in the laboratory by a process 
including tube thermal desorption (320°C, 10 min; Perkin Elmer ATD 400) into a 
GC/MS system (Agilent 6890/5973). The compounds were separated on a HP-5 MS 
column (60 m x 0.25 mm, 0.25 µm). Initial qualitative analyses were based on a PBM 
library search (14), with confirmatory analyses using mass spectra and retention data 
obtained from authentic compounds.  
TEM Analyses: Particles were collected on Transmission Electron Microscope 
(TEM) grids, coated with thin films of carbon or Formvar polymer and analysed for 
individual particle chemical composition and morphology. Samples on the grids were 
collected utilizing passive sampling by placing the three types of TEM grids 
simultaneously in the flow tunnel, perpendicular to the flow direction. The grids were 
examined in a Philips CM200 or Tecnai F20 TEM operated at 200kV, and individual 
particles on the films were analysed for element composition using energy-dispersive 
X-ray spectrometry (EDX) with the instrument operated in either scanning 
transmission (STEM) or TEM microprobe mode.  
 
Figures 1 (a) and (b) show the schematic diagrams of the experimental systems 
employed in the furnace, box chamber and flow tunnel studies. 
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Figure 1: Schematic diagram of the instrumental set up for (a) furnace, box chamber and (b) flow tunnel 
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3Thermocouple to object. CPC: condensation particle counter; APS: aerodynamic particle sizer; SMPS: 
scanning mobility particle sizer; PID: photoionization detector; VH-TDMA: volatilisation and 
humidification tandem differential mobility analyser; DustTrak: portable aerosol monitor; QTrak: 
portable indoor air quality monitor; TEM: transmission electron microscopy; HEPA: high efficiency 
particulate air. 
 
4.3.3 Study Design 
Furnace and Box Chamber: The printer paper, samples of toner powder 
(approximately 95mg), fuser rollers and a sample of lubricating oil were individually 
placed in a ceramic container and heated in the furnace.  It was ensured that 
background TVOC and particle number concentrations at the commencement of the 
experiment did not exceed 5 ppb and 0.001 particles cm-3, respectively. The 
temperature of samples was measured by a thermocouple touching the surface of the 
sampled material. The temperature of the furnace was increased steadily in small steps 
of 5°C up to a maximum temperature of about 10-40 ºC above the threshold for particle 
formation.  
Emissions were sampled as shown in the schematic diagram in Figure 1 (a). 
Submicrometre particle number concentration and size distribution were measured 
directly from the furnace. Outlet air from the furnace (at a flow rate of 1.4 L min-1) 
was introduced into the box chamber. All other instruments were connected to the box 
chamber for sampling. It was not possible to attach all sampling lines directly to the 
furnace because the combined instrumental flow rates required would have resulted in 
difficulties in achieving and maintaining the desired temperature of the samples in the 
furnace.  
Box Chamber: The box chamber was used to sample emissions from printers in 
operation (Figure 1(a)). The experiments consisted of the following steps: (1) Cleaning 
of the chamber to achieve acceptable background concentration levels of the 
pollutants. (2) Sampling on Tenax tubes for 1 h to measure background VOC 
concentrations, (3) printing of 150 pages (about 7 min), (4) Sampling on Tenax tubes 
for 10 min, and (5) sampling with VH-TDMA (up to 2 h).   
Flow Tunnel: The flow tunnel was also used to collect emissions from printers 
in operation (Figure 1 (b)). During each test, 150 pages were printed and after each 
printing episode, the printers were allowed between 30 and 60 min to cool down before 
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the experiment was repeated for a different type of paper and/or level of toner 
coverage. The tunnel contained a small counter-flow-inducing fan in front of the 
printer, which distributed the emissions throughout the passing clean air flow. The 
down stream end of the tunnel was tapered, so that the diameter of the tunnel cross 
section reduced from 0.500 to 0.145 m over a distance of 0.85 m. The flow rate through 
the tunnel was 11.6 L s-1. The air velocity at the exit of the tunnel was 0.7 m  s-1. The 
distance from the printer to the sampling point was 2.0 m. Uniformity of concentration 
across the tunnel exit (from where sampling was conducted) was experimentally 
validated.  
Close proximity fuser emission measurements: In order to minimise the delay 
between emission and particle detection when examining the relationship between 
page movement, temperature and particle number concentration, a small access hole 
was drilled in the printer shell adjacent to the fuser, into which a 30 mm length of 6 
mm conductive silicone tubing was inserted. The CPC sample was drawn through this 
tube.  
4.4 RESULTS  
Initially, we will discuss the results of the various experiments, followed by the 
knowledge this provided as to the nature of the particles and their formation 
mechanisms. 
Furnace experiments: The results of the investigations conducted in the furnace 
yielded several important conclusions (summary in Supporting Information, Table 
S1). Firstly, we found that the emissions depended on the temperature of the material, 
with the concentrations of particle number and TVOC (total VOC) negligible until 
some threshold temperature was attained. For each material tested, the threshold 
temperature was in the same range for both particles and TVOC; however it differed 
between the materials tested (Figure 2). The TVOC emission generally began at a 
lower temperature, a further increase in temperature above that value resulted in a rapid 
increase in particle number concentration. It was also noted that beyond the threshold 
temperature, if the furnace temperature was held steady for more than 30 to 60 s, the 
particle number concentration began to decrease, before increasing again, in response 
to each successive temperature increase. 
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Figure 2: Threshold temperature of the materials heated in the furnace, above which particle number 
and TVOC concentrations increased rapidly. Error bars represent one standard deviation. 
 
Secondly, we learnt that there are differences in particle size distributions for 
different materials, with some of the distributions being unimodal, whilst others were 
bi or tri modal, as can be seen in Figure S1 and Table S1. Therefore, the location of 
the modes might be considered as source signature of these materials when heated 
under such conditions. Thirdly, the experiments showed that there was no increase of 
ozone in the furnace above the indoor background level which varied from 7- 10 ppbv 
(parts per billion volume). The fourth important conclusion came from volatility and 
humidification tests (volatility results presented in Figure S2), which showed that the 
particles are both volatile and water insoluble, consistent with organic species 
composition (Table S1). It should be noted that the minimum particle size detected by 
the particle counters used for these tests (see Methods) was 7 – 10 nm, and therefore, 
in principle, it cannot be ruled out that there was a remnant smaller unevaporated core.  
However, based on the data analysis of the furnace experiments, there was no evidence 
of non-volatile residue suggestive of seeded nucleation. 
Flow tunnel experiments: The experiments conducted in the tunnel provided us 
with an insight into the origin of the emissions associated with the operation of a 
printer. An example of this is presented in Figure 3 and Figure S3, whilst a summary 
of the results is presented in Table S2. The most significant are the trends in 
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submicrometre particle and TVOC concentrations during printing. As presented in 
Figure 3, for printer H, a small increase (the ‘initial peak’) in the particle concentration 
occurs shortly after commencement of printing, followed by a decrease and then a 
rapid and significant increase. Of interest are the spikes visible in the particle 
concentration time series. The trend for printer L was very different, and in this case, 
the initial peak was followed by a slow decrease in particle concentration, with the 
concentrations being of about 3 orders of magnitude lower than for printer H. It can 
also be seen that for both printers there was a slow increase in TVOC concentration 
during printing, which was about 3 orders of magnitude lower for printer H, and 
reaching maximum after the cessation of printing. Another significant finding from 
these tests was that there was no apparent relation between toner coverage and level 
of submicrometre particle or TVOC concentrations (Table S2). Since toner was a very 
likely source of precursors for particle formation, it was expected that an increase in 
toner coverage would result in an increase in particle concentrations. As such, the lack 
of increase was surprising and therefore, the tests for different coverage were repeated 
several times. These results confirmed the absence of a direct relationship between 
particle concentration and toner coverage, and in addition, they also showed a general 
relationship between particle concentration and printing coverage history, as presented 
in Figure S4. 
Further investigations into the role of toner formulation on printer emissions 
involved swapping the toners in the two printers, such that printer H was operated 
using toner from printer L, and vice versa. These tests indicated (Table S2) that while 
differences in the formulation of the toner may influence the ultimate particle 
concentration, this was not the main reason for the differences between the H and L 
printers. 
 To test whether paper contributes to the particle and TVOC concentrations, 
independently from the toner, several tests were conducted on printer H for each type 
of paper, using a new fuser roller, under 0% coverage. The tests showed that the type 
of paper was clearly linked to particle concentrations (although, in most cases, to a 
lesser degree than in the case of toner), as well as TVOC concentrations. They also 
indicated that increases in particle and TVOC concentration were linked with the 
occurrence of two separate processes during printing, as indicated by the increase in 
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concentrations at different stages of printing. This is shown in Figure S5 and is also 
summarised in Table S2.   
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Figure 3: Submicrometre particle number and TVOC concentrations in the flow tunnel from (a) 
Printer H and (b) Printer L, during and after printing of 150 pages using type 1 paper at 0% toner 
coverage.  
The tunnel tests with printer H also showed that the initial particle count median 
diameter (CMD) of submicrometre particles during a print run was about 63 nm which 
gradually decreased to about 28 nm (Figure S6). These values did not vary 
significantly with toner coverage (Table S2). Supermicrometre particle CMD, on the 
other hand, remained at approximately 1 µm throughout the entire printing process, 
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irrespective of toner coverage. Whilst there was an increase in supermicrometre 
particle concentration, it was of similar levels for both printers and did not show any 
apparent trend during printing, indicating that the particles were generated through a 
mechanical process, such as re-suspension of particles due to the movement of the 
rollers and the paper. 
Box chamber experiments: In general, the experiments conducted in the chamber 
supported the findings of the tunnel experiments, and also shed light on some 
additional aspects of the printer emissions (see Table S3 for a summary of the results 
and Figure S7 for an example of one set of these measurements). Of particular 
significance was the small increase in ozone concentration (no more than about 50 
ppbv for both printers), clearly visible in the chamber experiments. This low rate of 
production was not detectible under the dynamic conditions in the tunnel because the 
emissions were highly diluted. Two other relationships seen more clearly in these 
experiments than in the tunnel for both printers were the positive correlation between 
submicrometre particle and ozone concentrations and the contrasting negative 
correlation between submicrometre particles and TVOC concentration. To investigate 
the role of ozone in this process, an experiment was conducted with pure nitrogen 
instead of air in the chamber. With Printer H set up to operate at 5% toner coverage, it 
was shown that particles were still generated, but at much lower concentrations 
(9.8x104 cm-3) than in the presence of air (4.3x105 cm-3). Therefore, it can be concluded 
that ozone plays a role in particle formation, but that there are also other formation 
pathways, not requiring ozone. 
As in the tunnel experiments, the initially higher particle CMD in the chamber 
decreased as printing continued, however, contrary to the situation in the tunnel, after 
several minutes it started to increase again. This was expected, considering that the 
particles would accumulate in the chamber, leading to an increase in coagulation rate 
and thus in the diameter of the particles.   
A chamber experiment, in which printer H was made to operate without paper 
(and without the release of toner for printing) for consecutive intervals of about 20s, 
showed a significant increase in particle concentration, albeit about one order of 
magnitude lower than for normal printing (Table S3). Particle production continued 
but at lower rates when neither toner nor paper were involved in printing, suggesting 
that toner and/or paper residues remained on the fuser.  
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The volatilization and humidification experiments with a printer operating in the 
chamber showed that the particles were volatile, but the shape of the volatilization 
curve for 5% and 50% coverage indicated the presence of a species with different 
characteristics to those of the species present during furnace experiments and during 
0% toner coverage (Figure 4). Although the volatilisation temperature remained 
similar for particles of comparable size observed for the furnace experiments, the 
particles produced with 5% and 50% coverage showed a 20% increase in volume at 
95°C. As with all other particles examined, these particles showed no growth when 
exposed to high humidity and were therefore non-hygroscopic. 
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Figure 4: Volatilisation temperature curve of the particles generated by Printer H, measured by the VH-
TDMA. Initial particle sizes are given in the legend.  
 
4.5 DISCUSSION  
The experiments described above provided different information and insight, 
which will now be combined to address the key questions related to particle nature and 
formation mechanisms.  
What differentiates high and low emitting printers? While the tunnel and 
chamber experiments showed differences between printers in terms of submicrometre 
and TVOC concentration levels, they did not explain the reasons for this. Since the 
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temperature and its variation were identified in the furnace tests as key parameters 
driving the process of particle formation, additional tests were conducted to measure 
the temperature of the fuser roller, along with particle concentration during printing. 
The tests showed that the high emitting printer H operated at an average heater 
temperature of approximately 22ºC lower than the low emitting printer L (Figure S8). 
This temperature was not stable, as shown by the occurrence of excursions in the 
voltage (Figure 5).  
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Figure 5: Thermistor and submicrometre particle concentration readings averaged over 8 successive 
print runs during the printing of three A4 pages at 5% toner coverage. Graphs a and b are thermistor 
responses of printers H and L, respectively; graphs c and d are particle concentrations for printers H 
and L, respectively. The horizontal arrows in graph (a) indicate the beginning and end of individual 
page movements. 
We also found that the pattern of these variations was reflected in the pattern of 
particle concentration peaks, as shown in Figure 5. Analysis of the duration and timing 
of the particle concentration peaks, and the effect of different paper lengths on their 
timing, showed that they were present almost exclusively during the above brief 
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temperature excursions occurring, and that both occurred just after each page exited 
the fuser (Figure S9). Thus, we hypothesize that the speed and sophistication of the 
temperature control is an important factor in differentiating between high and low 
emitting printers. 
The fusing method, which is similar in both printers, consists of a heater with 
several narrow, electrically conductive strips laid down on a long ceramic surface, 
designed to provide the heat necessary for the fusing process. The heater is enclosed 
in a thin flexible tubular membrane, through which the heat is transferred to the paper 
when it is forced over the heater by an anterior rotating pressure roller. The cold paper, 
moving between the pressure roller and the fuser roller, removes heat from the fuser 
membrane, which remains in constant contact with the surface of the paper. The 
membrane rotates about the heater, so that a recently heated area of the membrane is 
always in contact with the paper as it is moved along by the idle belt. Some patent 
literature relating to toner fixing systems (15) indicates that the interface temperature 
reached by the toner during fusing is mid way between the temperature of the cold 
paper and the maximum temperature reached on the fuser surface between pages. If 
this situation also holds in the printers in question, then large temperature spikes may 
be expected at the idle belt surface. Under such conditions, VOC and SVOC released 
from toner on the heating belt will volatilise strongly, and this may be the cause of the 
intense bursts of particles. The temperatures observed in the two printers are the bulk 
temperatures of the ceramic heating slab. It is possible that this bulk temperature does 
not accurately reflect the peak temperatures reached on the surface of this slab where 
the emissions may be generated. Emission may occur primarily during sudden 
excursions in temperature as observed for toner in the furnace measurements. Thus, 
the findings suggest that high emitting printers differ from low emitters, primarily in 
the temperature instabilities occurring in the fuser heater, during the brief intervals 
between one page exiting the fuser and the next entering. Unless the printer can pre-
empt this process, by reducing the power delivered to the heater before the paper is 
removed, the temperature must rise rapidly, until a new sheet arrives to absorb the 
excess heat.  
What are the particle formation processes? We hypothesise that, following the 
evaporation of VOC and SVOC, as explained above, two processes occur, leading to 
particle formation: (1) homogenous nucleation of SVOC species to form particles, and 
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(2) secondary particle formation through a reaction between VOC species and ozone 
to produce a further SVOC species. During printing, SVOC released from the toner as 
it is being fused onto the paper evaporate and then condense as new particles, both 
through homogenous nucleation, as well as onto the cooler leading portion on the idle 
belt. Directly deposited toner residues also remain on the idle belt when it separates 
from the paper. These deposits then volatilise when brought back to the fuser heater 
strip during subsequent printing. The return of these deposits to the heater, through 
idle belt rotation, explains the rapid appearance of VOC in the air when printing 
begins, even for blank pages where no new toner was being applied to paper.  
In printers, evaporation and nucleation processes depend on a myriad of factors, 
including the amount of material deposited, fuser temperature, vapour pressure of the 
VOC and water vapour content. Thus, these are dependent processes, influenced by 
previous printing history, and are also very unstable and difficult to predict. These 
processes are similar to those observed during the sampling of petrol vehicle 
emissions, with spikes in the emissions of up to two orders of magnitude, caused by 
evaporation and nucleation of VOC deposited on the sampling line (16). Since the 
spikes depend on the history of the usage of the line, and their occurrence is impossible 
to predict in terms of time, interpretation of the petrol emission data is often quite 
difficult. To date, we have seen a similar relationship between printing history and 
particle emission characteristics during the printing process, with a large variation in 
emissions between different printing runs, even when repeated under exactly the same 
conditions. This erratic behaviour may be further accentuated by the rotation of the 
idling belt about the fuser, bringing deposits of varying density to the fuser at different 
times. 
The proposed second reaction involving ozone must also be allowed for, given 
the observed correlation between ozone and particle concentration, however its 
importance relative to direct volatilisation and nucleation of a SVOC released directly 
from toner deposits cannot be quantified at this point. 
It should be noted that, as a result of this research, we have concluded that 
particle formation processes in the furnace are different to the formation processes 
during actual printing. While we controlled one parameter of the process - the 
temperature, other parameters varied throughout the experiments. For example, the 
dilution conditions produced by air movement, the vapour concentrations, the material 
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volumes involved and the exposed surface of the materials will all differ during 
printing, as opposed to when in the furnace, where the particles are confined in a much 
smaller space immediately after the emission. Also, the rate of temperature variation 
was much higher during printing than in the furnace. Therefore, while some of the 
reaction pathways could be the same as during printing, others will be different, and 
thus the furnace experiments are not necessarily a complete representation of what 
happens during printing.  
What are the particles? The information of the nature of the particles is of 
importance for assessing their potential toxicological impact. 
The study showed that the particles contain at least two distinct species and these 
are volatile in air, when heated briefly to 130°C, however they are not water soluble, 
nor do they become so during thermal treatment. One of the species occurs in varying 
proportions and is a thermally unstable SVOC which reacts when heated in air to 90°C, 
so that the particle diameter can grow, increasing in volume by up to 20%. Our results 
also show that the following species, are present in increased concentrations in samples 
containing the emitted particles and gases, and so are potential candidates for the initial 
precursor VOC: 2-methylpentane, 2-propanol, 3-methyl-hexane, 3-methylpentane, 
hexane, cyclohexane, methylcyclohexane, toluene, ethylbenzene, o-xylene, m,p-
xylene, styrene, undecane, pentadecane, hexadecane, heptadecane and 
dimethylphthalate. Of the above, the following species meet the requirements that the 
particulate materials be water insoluble with a boiling point above 130°C and 
therefore, they cannot be excluded as possible candidates for those nucleating species: 
ethylbenzene, o-xylene, m,p-xylene, styrene, pentadecane, hexadecane, heptadecane 
and dimethylphthalate. It should be noted that many of these species are too volatile 
to form persistent particles, except where present in very high concentrations, and as 
such, might be readily excluded as condensable species. The origin of the volatile 
compound styrene, can be attributed either to residual content in the toner (or printer 
case material), or to the thermal degradation of styrene polymers (17) which are known 
to be present in toner and paper sizing treatment formulations. Further, the rate of 
decomposition, and the products of the decomposition process for such polymers is 
strongly temperature dependant. For example, although the decomposition of 
polystyrene in vacuum, peaks at  450°C the process can begin at below 300°C (14) 
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and the decomposition may favour the formation of higher vapour pressure oligomers 
at the lowest temperatures (18). 
Microanalysis of printer aerosols collected onto transmission electron grids 
confirmed that the emissions are almost entirely composed of SVOC, with only trace 
quantities of some inorganic particles as seen in Figure S10 and described in 
Supporting Information. Based on the elements detected in the particles (Ca, Fe), they 
appear to be mostly related to the paper, which was coated with calcium carbonate, 
and to iron oxide from the toner.  
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5.1 ABSTRACT 
Recently published studies not only demonstrated that laser printers are often 
significant sources of ultrafine particles, but they also shed light on particle formation 
mechanisms. While the role of fuser roller temperature as a factor affecting particle 
formation rate has been postulated, its impact has never been quantified. To address 
this gap in knowledge, this study measured emissions from 30 laser printers in chamber 
using a standardized printing sequence, as well as monitoring fuser roller temperature. 
Based on a simplified mass balance equation, the average emission rates of particle 
number, PM2.5 and O3 were calculated. The results showed that: almost all printers 
were found to be high particle number emitters (i.e. > 1.01×1010 particles/min); colour 
printing generated more PM2.5 than monochrome printing; and all printers generated 
significant amounts of O3. Particle number emissions varied significantly during 
printing and followed the cycle of fuser roller temperature variation, which points to 
temperature being the strongest factor controlling emissions. For two sub-groups of 
printers using the same technology (heating lamps), systematic positive correlations, 
in the form of a power law, were found between average particle number emission rate 
and average roller temperature. Other factors, such as fuser material and structure, are 
also thought to play a role, since no such correlation was found for the remaining two 
sub-groups of printers using heating lamps, or for the printers using heating strips. In 
addition, O3 and total PM2.5 were not found to be statistically correlated with fuser 
temperature.  
Keywords: ultrafine particle, particle number, particle emissions, PM2.5, O3  
5.2 INTRODUCTION 
Emissions from laser printers, including ozone (O3) and larger particles, were first 
reported over twenty years ago (Eggert and Andersen, 1987), and volatile organic 
compound (VOC) and NO2 emissions were reported nearly a decade ago (Brown, 
1999). However, submicrometer (<1µm) and ultrafine (<100 nm) particle emissions 
from laser printers have not been reported until recently (He et al., 2007; Kagi et al., 
2007; Seeger et al., 2006; Uhde et al., 2006; Wensing et al., 2008). To date, it has been 
found that particle emission rates vary (Wensing et al., 2008; Schripp et al., 2008), 
they can be affected by toner coverage (He et al., 2007; Uhde et al., 2006) and they 
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differ between individual printers (He et al., 2007; Wensing et al., 2008; Schripp et al., 
2008). In addition, Morawska et al. (2009) found that, following furnace testing, the 
heated toner powder, paper, fuser roller and lubricant oil were all potential 
submicrometer particle sources. Using a Volatility Hygroscopic Tandem Differential 
Mobility Analyser (VH-TDMA), they also found that the generated particles were in 
fact volatile and non-hygroscopic.  
One important question is the reason why some printers are considerably higher 
emitters of particles and other pollutants than the others. Lee at al. (2001) suggested 
that reducing fuser temperature may result in lower VOC emissions. Recently, 
Wensing et al. (2008) reported that the high-temperature fuser unit is thought to be one 
source of ultrafine particle emissions. Morawska et al. (2009) investigated the 
emission rates and fuser temperatures of two printers, to test the hypothesis that 
printers with a higher fuser temperature emit more particles. However, the results 
showed the opposite to be the case and demonstrated that the printer with the higher 
fuser temperature actually emitted fewer particles (to be precise, the authors showed 
that the particles were of a secondary nature and were not emitted by the printer but 
formed in the air from the precursors emitted by the printer). The authors also found 
that particle emissions varied during print jobs on the same printer and hypothesised 
that the intense bursts of particles were actually associated with variations in fuser 
roller temperature, and that the difference between high and low emitters lies in the 
speed and sophistication of the fuser temperature control.   
In summary, the role of the fuser roller temperature as a factor affecting particle 
formation rates has been postulated, and the reasons for this explained in terms of the 
proposed particle formation mechanisms. However, so far, no studies have been 
undertaken to specifically investigate the relationship between the temperature and 
particle formation rates, or more importantly, to quantify it. 
In order to fill this gap in knowledge, this study aimed to: (1) quantify the pollutant 
emission rates (submicrometer particle, O3 and PM2.5) of office laser printers currently 
available on market; (2) determine the fuser roller temperature characteristics for each 
printer during printing; (3) analyse the relationship between fuser roller temperature, 
O3 and particle emission rates for the printers investigated; and (4) draw conclusions 
regarding the role of fuser temperature on particle formation during printer operation.  
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5.3 EXPERIMENTAL METHODS 
5.3.1 Printers  
For the purposes of this study, a total of 30 office laser printers were supplied by 
various manufacturers (P1-30). This included fifteen colour and fifteen black & white 
printers. All printers were kept indoors (temperature: 20-23ºC, relative humidity (RH): 
35-55%) for at least five days prior to being placed in the chamber, and all printers 
were tested using their original toner cartridges and the same type of paper. The size 
of the printers varied from 0.056 to 0.380 m3 and most of the printers were clearly too 
large to be used as desktop printers.  
In general, the design of printer fuser heating systems differed between printers. 
In the printers tested, three types of fuser heating systems were used, namely heating 
lamps (23), heating strips (6) and heating wires (1). Of the 23 lamp heated printers, 9 
used 1 lamp, 9 used 2 lamps, and 5 used 3 lamps. Two of the five 3-lamp printers used 
2 lamps for heating the roller (or upper roller) and 1 lamp for heating the pressure 
roller (or lower roller). In relation to the material the fuser rollers were made from, this 
is likely to differ between manufacturers, as well between different models from the 
same manufacturer. The size of fuser roller also varied between different printer 
models.   
5.3.2 Instrumentation 
Particle Size Distribution and Concentration 
Particle number concentration and size distribution in the size range 10 - 400nm 
were measured using a TSI Model 3934 Scanning Mobility Particle Sizer (SMPS) (TSI 
Inc. St. Paul, MN, USA), comprised of a TSI Model 3071 Electrostatic Classifier (EC) 
and a TSI Model Water-based Condensation Particle Counter (WCPC 3782), with a 
sampling time of 120 s. Total particle number concentration in the size range 0.007 – 
3 µm was measured by a TSI Model 3022 Condensation Particle Counter (CPC 3022), 
with a sample time of 1 s and during printer fuser temperature measurements, total 
particle number concentration in the size range 0.006 – 3 µm was measured by a TSI 
Model 3871 WCPC 3871, with a sample time of 1 s. Particle mass concentration 
(PM2.5) was measured by the TSI Model 8520 DustTrak aerosol monitor, with a sample 
time of 10 s. It should be noted that the DustTrak operates on a light scattering principle 
where the amount of scattered light is proportional to the volume concentration of the 
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aerosol. Therefore, the PM2.5 values obtained in this study are not actual gravimetric 
mass but an approximation, since the instrument was not calibrated for each specific 
aerosol studied. However, since it was mainly used for comparative purposes in this 
study, it fulfilled the objective of this work. 
2.2.2 Fuser Temperature during Printing 
The fuser roller temperature measurements were conducted at several different 
locations on the fuser roller (inside and outside of the fuser roller, as well as under the 
heating strip for some printers), using k-type thermocouples, as well as inbuilt fuser 
temperature sensors (thermistors) in the printer. The data were recorded by two CHY 
48R digital Multiloggers and one digital Multimeter at 0.1 s and 1 s intervals, 
respectively.  
In general, for the printer fuser roller temperature measurements, thermocouples 
(with a time resolution of 0.3s) were placed on the inside or outside surface of the fuser 
heating roller. For some printers, one thermocouple was placed on the inside and 
another one was placed on the outside surface of the fuser heating roller, so that both 
inside and outside time series fuser temperatures were measured simultaneously. The 
output voltages of the printer inbuilt fuser temperature sensors (thermistors) were also 
monitored and recorded simultaneously.  
Other Pollutants and Parameters 
O3concentration was monitored using a UV-106 Ozone Analyzer (Ozone 
Solutions, Inc. IA, USA) with a flow rate of 1 L/min, a sampling time of 10s and an 
accuracy of ± 2%. Temperature and relative humidity inside the chamber were 
monitored using a TSI Model 8552 Q-Trak Plus, with a sample time of 10 s.  
5.4 STUDY DESIGN 
There were two main sets of measurements conducted in this study. The first 
was the chamber study to find the average emission rate (particle number, PM2.5 and 
O3), while the second was the bench study for finding the relationship between particle 
emissions (particle number concentration) and fuser roller temperature. 
In the chamber study, a box chamber, with volume of approximately 1 m3 and 
equipped with a stirring fan, was used to sample emissions from the printers in 
operation. Inlet and outlet ports were incorporated into the chamber to introduce 
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particle and VOC free air by HEPA filters and charcoals and withdraw analytical 
samples for particle measurements. The air flow rate through the chamber during the 
experiments was 3.3 L/min. A schematic diagram of the box chamber is shown in 
Figure 1. During the experiments, each printer was placed in the middle of the chamber 
and the measurements were conducted in three phases: (1) background concentration 
was measured until particle number concentration in the chamber was lower than 100 
particles/cm3 and PM2.5 concentration was lower than 0.001 mg/m
3 (which was 
controlled by introducing particle and VOC free air); (2) concentration measurements 
were conducted from the beginning of the print job and continued for the duration of 
the print job (all print jobs were 150 pages, which ran for about 3-7 min dependent 
upon the printer model); and (3) the decay in concentration was measured for 100 – 
160 minutes after each print job had terminated.  
In addition, for 6 of 23 lamp heated printers, fuser temperatures and particle 
number concentration were measured simultaneously on the laboratory bench using 
thermocouples and temperature sensors, as well as a TSI WCPC 3871, respectively, in 
order to identify the temperature at which particle emissions commenced. During these 
particle number concentration measurements no sampling tube was used, in order to 
make the time delay as short as possible. Instead, the sampling inlet of the WCPC 3871 
was placed directly beside the exhaust fan of the printer. The same brand of standard 
quality white paper (PaperOne, 80 g/m2) was used in all of the experiments. The paper 
was stored in the laboratory at 22-25 °C and 40-60% relative humidity, and its water 
content under these conditions was 2.8%. For monochrome printers, measurements 
were conducted once for each printer, using 5% toner coverage. For colour printers, 
measurements were conducted twice, once for monochrome printing, using 5% toner 
coverage and again for colour printing, using 20% toner coverage. The monochrome 
and colour printing patterns used in the experiments were those specified in 
international standards (ISO/IEC 28360:2007(E)). Likewise, during the printer 
operating phase, the RH was maintained at less than 85%, as specified by these testing 
standards. These methods were similar to the methods used in our previous studies (He 
et al., 2007; Morawska et al., 2009) and the calculation of average emission rates was 
also the same as in our other previous study (He et al., 2007). In brief, the average 
emission rates were calculated using a simplified mass balance equation and box 
model (He et al., 2007), which assumed a constant emission rate (not dependent on 
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time) for a short period of time during printing. All statistical analyses (correlation, 
regression, t-test) were conducted using a statistical analysis software package – SPSS 
for Windows Version 10 (SPSS Inc.). A level of significance of p = 0.05 was used for 
all statistical analyses.  
5.5 RESULTS AND DISCUSSION 
Particle Emission Rates 
In total, 45 emission experiments were conducted in the box chamber (1 per 
monochrome printer, 2 per colour printer, as described above). The measured particle 
number, PM2.5 and O3 emission rates during monochrome printing and colour printing 
are presented in Figures S1 and S2, respectively. The printers are arranged in order of 
increasing emission rate. A summary of the measured particle number, PM2.5 and O3 
emission rates for Figures S1 and S2 are presented in Table 1 and Table 2, respectively. 
From these figures and tables, several conclusions can be drawn: (1) all of the printers 
generated particles during operation; (2) the difference in both particle number and 
particle mass emission rates between the lowest emitter and highest emitters were 
approximately three orders of magnitude for 5% toner coverage during monochrome 
printing, and two orders of magnitude for 20% toner coverage during colour printing; 
(3) all of the printers emitted O3 during operation; and (4) the difference in O3 emission 
rates between the lowest and highest emitters was approximately two orders of 
magnitude during monochrome printing, and one order of magnitude during colour 
printing. It should also be noted that the O3 emission rates of these printers during 
monochrome printing were comparable to the results reported by Tuomi et al. (2000) 
who tested 3 HP printers.  
Based on the particle number emission rate classification system used in He et 
al. (2007), whereby if a printers emission rate is higher than 1.01 × 1010 particle/min 
it is considered to be high emitter, all of the printers, except one, were high emitters 
during monochrome printing, and all of the colour printers were high emitters during 
colour printing.  
A comparison of emission rates between colour printing and monochrome 
printing found that, in general, the emission rates for 10 of the 15 colour printers were 
higher during colour printing than during monochrome printing, however the 
difference was not statistically significant. All of the colour printers generated more 
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PM2.5 during colour printing than during monochrome printing, except one, and this 
difference was found to be statistically significant (p < 0.05). Similarly, all of the 
colour printers generated more O3 during colour printing than during monochrome 
printing, except one, and this difference was also statistically significant (p < 0.05). 
The ratios of particle number, PM2.5 and O3 emission rates for colour versus 
monochrome printing are presented in Figure S3, where a ratio greater than one 
indicates that the emission rate was higher during colour printing than during 
monochrome printing.  
Printer Fuser Temperature  
The average outside fuser roller temperature differed between individual 
printers, with the highest temperature being about 210 ºC and the lowest being about 
130 ºC. Outside fuser roller temperatures also varied during printing, with the highest 
variation being about 35 ºC and the lowest about 2 ºC. In general, there were two types 
of fuser roller temperature variations, classified as either regular or irregular, 
depending on the frequency of the variations. To illustrate this, some examples of the 
fuser temperature variation are given in Figure S4. Typically, the printers using heating 
lamps showed regular variations, while printers using heating strips showed irregular 
variations, with the frequency of temperature variations found to be different for each 
printer. In general, there was no significant difference in the outside fuser roller 
temperature between monochrome and colour printing, however, in some cases, large 
page numbers resulted in higher temperatures. 
The two fuser roller systems (heating lamps and heating strips) used different 
materials, structures and heating technology for their fuser rollers. This resulted in 
different temperature values and profiles. For example, in printers using heating strips, 
the difference in temperature between the inside and the outside of the fuser roller was 
about 7 ºC. However, for the printers using heating lamps, the difference in 
temperature was as high as 220 ºC.  
Time Series of Fuser Temperature and Particle Emission Rates  
The simultaneous fuser temperature and particle emission measurements for the 
6 lamp-heated printers, measured during the bench study, provided an insight into the 
relationship between these two parameters. Figure 2 shows that as soon as the printer 
was turned on, the fuser roller temperature (both inside and outside) increased sharply 
and this was accompanied by a simultaneous increase in particle concentration. Since 
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no paper or toner was involved in this process (i.e. turning the printer on), it suggests 
that these particles were most likely generated directly from the fuser rollers surface 
and/or from the paper and toner residues on the roller surface. It can also be seen that 
while the printer was idling (i.e. after it was turned on but before printing), particle 
concentration decreased as the fuser roller temperature decreased. In general, it was 
found that the variation in particle number concentration followed the same pattern as 
the variation in temperature. It can also be seen from Figure 2 that the peak particle 
concentration in each of the separate tests varied from 7.59 × 104 to 2.35 × 105 
particles/cm3, which indicates that the emission rate was not constant, despite using 
the same operating conditions.  
Figure 3 shows an expanded view of the results from one of these tests. The 
variation in particle number concentration over time is shown in both figures, together 
with the corresponding temperature variations (a) inside and (b) outside the fuser 
roller. From these figures it can be seen that, although the increase in particle number 
concentration followed increases in both inside and outside temperatures, the decrease 
in particle number concentration tended to follow the decrease in inside temperature 
more closely than decrease in outside temperature. It should be noted that, since the 
thermocouple time resolution was 0.3 seconds, any fuser roller temperature variations 
that occurred < 0.3 seconds apart would not have been recorded.  
Relationship between Emission Rate and Average Fuser Roller Temperature 
Analysis of the emission rates and fuser roller temperatures for the 23 printers 
(P1-P22 and P28) with heating lamps indicated that there was no statistically 
significant relationship between fuser temperature and PM2.5 emission rate. A weak 
positive power relationship was observed between fuser temperature and O3 emission 
rate, and although not statistically significant, this is still important, since O3 is a 
precursor in the formation of secondary particles from VOC’s.  
In contrast, a statistically significant (p < 0.05) positive power relationship was 
found between fuser roller temperature and particle number emission rate. This 
relationship is presented in Figure 4a. Based on the data set for 23 printers with heating 
lamps, an equation for calculating the average particle number emission rate of a laser 
printer was derived by fitting a curve to the relationship between average fuser 
temperature and average particle emission rates, which can be written (in the first 
order) as follows: 
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ERpn = aTb 
where ERpn is the average particle number emission rate (particle/min); T is 
temperature (ºC), and a (2 × 10-14) and b (71,774) are semi-empirical parameters. This 
relationship is applicable to laser printers that use the same heating technology, with a 
similar type of fuser material and structure. For each such group of printers, a and b 
are the parameters that need to be derived empirically.    
When the printers were divided into groups according to manufacturer, it was 
found that two groups of printers showed a significant positive power relationship 
between fuser roller temperature and (high) particle number emission rate (see Figure 
4b, c: P01-P05, p < 0.01 and P06-P10, p < 0.05). The remaining two groups (P11-P16 
and P17-P22) did not show any clear power relationship between fuser roller 
temperature and particle number emission rate. Investigations into the structure and 
material used in the fuser rollers indicated that the fuser rollers used in P01-P05 were 
similar, as were the fuser rollers used in P06-P10. In contrast, the fuser roller structure 
and material in P11-P16 and P17-P22 differed between the individual printers. This 
was also the case for the five printers that used heating strips (P23-P26, P29).  
Analysis of the particle emission rates and average fuser roller temperatures for 
the 5 printers with heating strips indicated that there was no statistically significant (p 
< 0.05) relationship between fuser roller temperature and particle number emission 
rate.  
In terms of colour printing, the results obtained for the 11 colour printers using 
heating lamps, measured during the box chamber experiments, showed that although 
there was a positive relationship between fuser roller temperature and particle emission 
rates, it was not statistically significant. However, this was a result of the limited data 
available from the colour printing experiments and further studies on colour printing 
would be useful to explore this relationship further. 
5.6 CONCLUSIONS 
This study quantified particle number, PM2.5 and O3 emission rates for a number 
of office laser printers currently available on market. It was found that although there 
was no statistically significant relationship between fuser temperature and PM2.5 or O3 
emission rates, a statistically significant (p < 0.05) positive power relationship was 
found between fuser roller temperature and particle number emission rate. The 
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experimental results indicated that fuser roller temperature was the principal factor 
governing the rate of particle formation in laser printer operation and, for the first time, 
enabled this relationship to be quantified in the a form of a semi-empirical relationship 
linking the temperature to particle number emission rates for printers that use the same 
heating technology, with a similar type of fuser material and structure. This equation 
can be used by printer manufacturers to assess the temperature at which the printer is 
operating, in order to maintain particle emissions below a certain level. Future studies 
on colour printing, as well as on fuser material and structure would be useful to explore 
this relationship further.  
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5.8 LIST OF TABLES 
 
Table 1. Summary of the printing speed (page per minute), average fuse roller 
temperature and the determined emission rates for all printers using 5% toner 
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coverage during monochrome printing. (Horizontal lines divide printers into 
groups belonging to the same manufacturer.) 
 
Table 2. Summary of the printing speed (page per minute) and the determined 
emission rates for all printers using 20% toner coverage during colour 
printing.  
 
 
5.9 LIST OF FIGURES 
 
Figure 1: Schematic diagram of the instrumental set up for box chamber 
measurements. CPC: condensation particle counter;DustTrak: particle mass 
concentration (PM2.5) monitor; Q-Trak: temperature and relative humidity 
monitor, SMPS: Scanning Mobility Particle Sizer.  
 
Figure 2. Time series of fuser roller temperatures (inside and outside), along 
with particle number concentration measured at the exhaust fan of a printer 
(P08). A total of 7 printing tests were conducted under the same conditions 
(20 pages at 5% toner coverage), with more paper added to the feeding tray 
during the fifth test.  
 
Figure 3. Time series of fuser roller temperature: (a) inside and (b) outside 
temperature, along with particle number concentration measured at the 
exhaust fan of a printer (P08) during printing of 20 pages at 5% toner 
coverage.  
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Figure 4. The relationship between particle number emission rate and average 
fuser roller temperature for: (a) all of the tested lamp heating printers, (b) 
P10-P05 lamp heating printers and (c) P06-P10 lamp heating printers 
(printers in groups (b) and (c) belonged to different manufacturers  
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Table 1. Summary of the printing speed (page per minute), average fuse roller 
temperature and the determined emission rates for all printers using 5% toner 
coverage during monochrome printing. (Horizontal lines divide printers into groups 
belonging to the same manufacturer.) 
Printer ID 
 
T 
(°C) 
Printing 
Speed 
(p/min) 
Emission Rate 
Particle Number 
(p/min) 
PM2.5 
(µg/min) 
O3 
(µg/min) 
P01 165 ± 4.88  36 7.19 ± 1.95 x 1010 0.97 33.8 
P02 148 ± 3.86 27 7.75 ± 4.20 x 1010 0.68 10.6 
P03 137 ± 3.49 42 1.85 ± 1.45 x 1010 0.33 10.4 
P04 175 ± 13.6 43 2.18 ± 1.06 x 1011 4.69 15.8 
P05 210 ± 3.56 50 1.73 ± 1.04 x 1012 0.56 28 
____________________________________________________________________________ 
P06 179 ± 2.94 34 2.30 ± 1.20 x 1011 1.69 18.9 
P07 160 ± 1.74 25 1.36  ± 1.08 x 1011 2.14 2.03 
P08 162 ± 7.71  25 6.22 ± 2.94 x 1010 1.28 1.8 
P09 175 ± 3.09 27 3.62 ± 0.66 x 1011 3.73 12.7 
P10 185 ± 1.17 37 5.50 ± 1.70 x 1011 282 97 
___________________________________________________________________________ 
P11 172 ± 1.95  30 2.47 ± 1.22 x 1010 0.26 0.55 
P12 168 ± 1.82 33 5.30 ± 4.02 x 1010 0.91 0.53 
P13 124 ± 1.96 43 4.15 ± 1.47 x 1010 1.31 20.8 
P14 182 ± 2.09 48 2.18 ± 0.64 x 1012 2.68 17.5 
P15 181 ± 1.36 48 3.30 ± 0.64 x 1012 1.53 61.5 
P16 197 ± 2.79 50 1.54 ± 0.46 x 1012 1.6 45.4 
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Table 2. Summary of the printing speed (page per minute) and the determined 
emission rates for all printers using 20% toner coverage during colour printing.  
Printer ID 
Printing 
Speed 
(p/min) 
Emission Rate 
Particle Number 
(p/min) 
PM2.5 
(µg/min) 
O3 
(µg/min) 
P02 22 8.55 ± 7.55 x 10
10 0.88 19.2 
P03 35 5.01 ± 3.85 x 10
10 0.52 25 
P07 23 2.73 ± 1.76 x 10
11 139 31.5 
P08 26 2.22 ± 1.65 x 10
11 126 24.8 
P09 23 1.17 ± 0.45 x 10
11 182 57.2 
P10 37 4.89 ± 2.46 x 10
11 736 175 
P11 30 6.32 ± 2.97 x 10
10 2.69 12.2 
P12 33 1.30 ± 0.56 x 10
11 3.68 12.1 
P13 39 1.70 ± 1.20 x 10
10 1.23 20.7 
P20 26 5.12 ± 2.82 x 10
10 12.1 18.8 
P21 41 8.10 ± 5.29 x 10
11 16 38 
P24 21 1.77 ± 1.36 x 10
10 4.77 32.8 
P25 22 3.57 ± 1.42 x 10
11 19.1 42.9 
P26 29 2.81 ± 1.31 x 10
11 16.6 29.4 
P27 31 1.02 ± 0.94 x 10
11 4.87 22.2 
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Figure 1: Schematic diagram of the instrumental set up for box chamber 
measurements. CPC: condensation particle counter; DustTrak: particle mass 
concentration (PM2.5) monitor; Q-Trak: temperature and relative humidity monitor, 
SMPS: Scanning Mobility Particle Sizer.  
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Figure 2. Time series of fuser roller temperatures (inside and outside), along with 
particle number concentration measured at the exhaust fan of a printer (P08). A total 
of 7 printing tests were conducted under the same conditions (20 pages at 5% toner 
coverage), with more paper added to the feeding tray during the fifth test.  
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Figure 3. Time series of fuser roller temperature: (a) inside and (b) outside 
temperature, along with particle number concentration measured at the exhaust fan of 
a printer (P08) during printing of 20 pages at 5% toner coverage. 
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6.1 ABSTRACT 
An increasing number of researchers have hypothesized that ozone may be 
involved in the particle formation processes that occurs during printing, however no 
studies have investigated this further. In the current study, this hypothesis was tested 
in a chamber study by adding supplemental ozone to the chamber after a print job 
without measurable ozone emissions. Subsequent particle number concentration and 
size distribution measurements showed that new particles were formed minutes after 
the addition of ozone. The results demonstrated that ozone did react with printer-
generated volatile organic compounds (VOC) to form secondary organic aerosols 
(SOA). The hypothesis was further confirmed by the observation of correlations 
between VOCs, ozone and particles concentrations during a print job with measurable 
ozone emissions. The potential particle precursors were identified by a number of 
furnace tests, which suggested that squalene and styrene were the most likely SOA 
precursors with respect to ozone. Overall, this study significantly improved scientific 
understanding of the formation mechanisms of printer-generated particles, and 
highlighted the possible SOA formation potential of unsaturated non-terpene organic 
compounds by ozone-initiated reactions in the indoor environment. 
Keywords: secondary organic aerosols, indoor air, ultrafine particles, printer 
emissions, particle ageing. 
6.2 INTRODUCTION 
Nowadays, office equipment is an essential part of everyday working life due to 
its ability to facilitate information exchange and enhance worker productivity. 
However, many of these machines, such as printers, photocopiers and computers etc., 
are a potential source of indoor contaminants, including volatile organic compounds 
(VOCs), semi-volatile organic compounds (SVOCs), ozone and particulate matter (1). 
Exposure to pollutants emitted from office equipment may cause irritative symptoms 
of the eyes, nose, throat and lower airways, as well as mental fatigue, headache and 
skins reactions (2-4).  
Recently, increasing concerns are focusing on the issue of ultrafine particles 
(UFPs, particles < 0.1 µm) emitted by laser printers, since a number of studies have 
demonstrated that these printers are a significant source of these particles in indoor 
environments (5-7), as well as VOCs and ozone (8-12). Although their emission rates 
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vary largely between individual printers, from undetectable amounts to over 3 × 1012 
min-1 (5, 13), the UFPs generated by laser printers of certain models can greatly elevate 
particle number concentrations in a large office area to the levels encountered, for 
example, near a busy road (5). A detailed sectional aerosol dynamic model was used 
by Koivisto et al. (2010) to investigate the influence of printer emissions on indoor air 
quality (14). They concluded that printer-emitted particles can increase the particle 
number concentration in an empty hypothetical office space (4.4 × 4.3 × 3.3 m3) to 
over eleven times the background level. 
One of the most effective ways to mitigate the particle pollution caused by laser 
printers is to locate the source and then eliminate it. However, identifying the potential 
source/s was not as easy as one would expect. Earlier studies speculated that toner 
powder might be the particle source (8), however increasing evidence has shown that 
laser printers do not emit measurable toner particles (around 5-10 µm) (6, 15, 16), with 
UFPs dominating the particle emissions. Wensing et al. (2008) demonstrated that the 
release of UFPs can even occur during printing without any toner and paper present 
(7). Recently, an Australian study investigated the formation mechanisms of particles 
in relation to laser printers, and suggested that the emitted particles were seldom 
directly from any printer components, but formed in the air from VOCs or SVOCs 
which originated from the paper, toner, fuser roller and other printer components (17).  
Ozone is a common air pollutant, with photocopiers and laser printers considered 
to be major sources of ozone in office environment (9, 10, 18). Over a decade ago, 
Wolkoff (1999) published work on the secondary products formed by reactions 
between ozone and unsaturated VOCs from the photocopier itself, as well as by 
thermolysis of the toner powder, or from the processed paper (i.e. paper processed in 
printers or photocopying machines) (19). At that time, however, no one knew printer-
generated particles were of a secondary nature and mainly comprised of secondary 
organic aerosols (SOA). Increasing evidences over the past decade has confirmed this 
fact and also provoked researchers to ponder the role of ozone in the particle formation 
during printing. In their published papers, both Kagi et al. (2007) and McKone et al. 
(2009) hypothesized that ozone may react with printer-generated VOCs to produce 
SOAs (6, 20). However, the hypothesis was yet to be proven and the precursors 
involved remained unknown.  
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To fill these gaps in knowledge and thus to improve the general understanding 
of indoor SOA formation, this study aimed to confirm the existence of ozone-initiated 
particle formation during the operation of laser printers and to investigate the SOA 
formation and ageing processes, as well as identify the potential SOA precursors. 
6.3 EXPERIMENTAL METHODS 
6.3.1 Printer and Paper.  
One popular black and white laser printer was selected for this study (Printer H), 
whose high particle emission characteristics were reported in our previous study (17). 
Size A4 printer paper (PaperOneTM Copier Paper) was used in this study, along with 
the toner specified by the printer manufacturer. The paper was stored under laboratory 
conditions of approximately 22-25°C and 40-60% RH. The water content of the paper 
was tested and found to be 2.8%. 
6.3.2 Chemicals.  
Additional ozone supplied into the test chamber was produced in-situ using an 
ozone generator equipped with an ultra-violet lamp. Particle and VOC free air, which 
was produced by cleaning the compressed air using high efficiency particulate air 
(HEPA) filters and active carbon, was supplied to the test chamber from the top. 
6.3.3 Instrumentation, Sampling and Analytical Methods.  
Particle Size Distribution and Concentration: A Condensation Particle Counter 
(CPC, 3022A, TSI Inc.) was used to monitor the total number concentration of 
submicrometre airborne particles larger than 7 nm in diameter, with a sampling time 
of 1 s. Particle size distribution in the submicrometre range was measured by a 
Scanning Mobility Particle Sizer (SMPS) incorporating a TSI Model 3071 
Electrostatic Classifier (EC) and a CPC Model 3776, with a sampling time of 150 s 
and a size range of 16-685 nm.  
Ozone and Total VOC Concentration: Ozone was monitored using a UV-106 
Ozone Analyser (Ozone Solutions, Inc. IA, USA) and ozone measurements were made 
at 10s intervals, with an estimated uncertainty of ± 2%. A Teflon inlet filter was used 
to prevent internal contamination of the tubing and absorption cell by particulate 
matter. In addition, calibration was conducted annually for the Ozone Analyser 
according to the user’s manual, including the offset correction using an external ozone 
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scrubber and the comparison with a NIST-traceable standard ozone spectrophotometer 
in the laboratory over a wide range of ozone mixing ratios. The trend of total VOC 
(TVOC) concentrations was monitored in real time using a ppbRAE Plus 
Photoionisation Detector (PID, RAE Systems Inc., San Jose, CA, USA,) with a super-
bright 10.6 eV Ultraviolet light lamp. The PID has a resolution of 1 ppbv and worked 
at a sampling time of 10 s. The ppbRAE monitor was calibrated before the experiment 
by a two-point process using “fresh air” and the standard reference gas, with no 
detectable VOC and a known concentration of a given gas, respectively. In this study, 
real-time TVOC data measured by the PID acted as a supplement to the VOC 
information provided by offline measurements. 
Individual VOC and SVOC Species: Active sampling was conducted on 
stainless steel desorption tubes (Perkin Elmer) that were filled with 300 mg of Tenax 
TA (Buchem B.V., Apeldoorn, The Netherlands), using a FLEC pump (Chematec 
ApS, Roskilde, Denmark) that was operated at 150 ml.min-1 to collect 5 l air sample 
(about 34 min). Tubes were cleaned by purging with Helium at 300°C for one hour. 
Tube background was < 1 µg.m-3 per substances and < 20 µg.m-3 TVOC. Breakthrough 
tests showed no missing chemical mass during sampling.  The air samples were 
analysed by a process which included tube thermal desorption (300°C, 10 min; Perkin 
Elmer ATD 400) into a GC/MS system (Agilent 6890/5973), and then separation of 
the compounds on a HP-5 MS column (60 m × 0.25 mm, 0.25 µm; He at 100 kPa, 
constant pressure mode, temperature ramp 34°C to 300°C over 36 min, 10 min hold at 
300°C). General performance and retention indices were checked for each 
measurement using internal standards. Identification was done using commercial and 
recorded mass-spectra libraries (Wiley7, NIST 05), and both retention time and mass 
spectrum were checked against original reference substances. For the few cases where 
original reference substances were not available, the identification is based on the 
commercial libraries; here, a match quality better than 80% and a plausible retention 
time is required for a substance to be listed as identified. Quantification was performed 
against internal and external standards in EIC mode. Background samples and field 
blanks were also collected in this study, and the background VOC concentrations were 
deducted from the measured samples in later analysis. 
Temperature and Relative Humidity (RH) in the Chamber: The average 
temperature and RH in the chamber were monitored using a TSI Model 8552 Q-Trak 
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Plus (with a sampling time of 10 s and an accuracy ± 0.6 °C for temperature and ± 3% 
for RH), placed in the middle of the chamber, directly above the printer. The 
instrument was calibrated annually according to the user’s manual. 
6.3.4 Study Design.  
This study included a number of chamber and furnace tests. Schematic diagrams 
of the two experimental systems are outlined in Figure 1. 
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Figure 1 Schematic diagram of the instrumental set up. a) furnace and b) chamber. 
PID: photoionization detector; CPC: condensation particle counter; SMPS: scanning 
mobility particle sizer. 
Two chamber experiments were conducted to test the hypothesis that ozone 
plays a role in the formation of SOAs in relation to laser printers. Printer H did not 
emit measurable ozone when printing with 0% toner coverage (PW-0%), as 
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demonstrated in our previous study (17). In the first chamber experiment, 
supplemental ozone was added into the chamber about 80 min after the completion of 
printing 150 pages with 0% toner coverage. Particle number concentration and size 
distribution, as well as TVOC and ozone concentrations, were measured in real time 
to identify whether a nucleation event would occur after the addition of ozone. In the 
second chamber experiment, Printer H was operated to print 150 pages with 50% toner 
coverage (PW-50%), with the aim of further confirming the hypothesis by observing 
the relationship between VOCs, ozone and particle number concentrations during 
printing. 
In the chamber experiments, a box chamber, with volume of 1 m3 and equipped 
with a stirring fan, was used. Before each test, the chamber was cleaned with particle 
and VOC free air until the inside particle number concentration decreased to less than 
1.0 particles.cm-3. A constant air change rate (ACH = 0.5 h-1) was achieved through 
the whole experiment by adjusting the flow rate of supplied air. The decay constant of 
ozone in the chamber was about 0.023 min-1. Temperature and humidity in the 
chamber were measured but not controlled. 
In addition, furnace experiments were carried out to identify the SOA precursors 
involved in ozone-initiated reactions. It had been demonstrated that some printer 
components have particle formation potentials (17). In the current study, these 
materials (including paper, toner powder, brand-new fuser roller and lubricant oil) 
were individually heated in a furnace with the temperature increased at a steady pace, 
in increments of 5 oC. The emitted VOCs and SVOCs were collected by Tenax tubes 
and analysed to identify the SOA precursors. In the period of experiments, particle and 
VOC free air was introduced into the furnace at a flow rate of 1.4 l.min-1.  
 
6.4 RESULTS AND DISCUSSION 
In the print phase, the chamber temperature increased from 26.4 to 29.0oC and 
RH inside the chamber also increased, but remained below 75%, which is similar to 
that which was observed in previous studies (13, 14, 21). In addition, at the beginning 
of each experiment, the ozone concentration in the chamber was below the detection 
limit of the instrument (2 ppbv). 
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Ozone-Initiated SOA Formation and Ageing. The time series of total particle 
number (TPN), TVOC and ozone concentrations, as well as particle size distribution 
during and after PW-0%, are shown in Figure 2 and Figure 3, respectively.  
 
 
 
 
Ta Td Tb Tc 
 
Figure 2 Time series of TPN, TVOCs and ozone concentrations in the chamber 
during and after printing 150 pages with 0% toner coverage by Printer H (PW-0%). 
Additional ozone was introduced into the chamber about 80 min after the completion 
of the print job. Ta: start printing; Tb: stop printing; Tc: start introducing ozone; Td: 
stop adding ozone. 
As seen in Figure 2, TPN immediately increased after ozone was introduced into 
the test chamber, and after about 10 min of slow growth, the rate of growth increased 
quite rapidly. Meanwhile, TVOC concentration also increased, though at a relatively 
moderate rate. Additionally, TPN concentration reached its peak far earlier than the 
cease to add ozone. 
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Tc Td Ta Tb 
Figure 3 Particle size distributions in the chamber during and after printing 150 pages 
with 0% toner coverage by Printer H (PW-0%). Additional ozone was introduced into 
the chamber about 80 min after the completion of the print job. Ta: start printing; Tb: 
stop printing; Tc: start introducing ozone; Td: stop adding ozone. 
Figure 3 indicates that printer-generated particles had a single mode with an 
average diameter of around 45 nm at the time right before ozone was added. After that, 
the size of these particles started increasing immediately. Interestingly, about 7 min 
later, a group of much smaller particles (about 20 nm) appeared in the chamber and 
then increased in size quite quickly. In order to investigate the two groups of particles 
in detail, the size-dependent particle number counts measured by the SMPS were 
initially separated into two different size groups: (1) ~ 16 nm to 30 nm; (2) 30 nm to 
685 nm. With time (and the growth of the particles), both these windows were shifted 
upwards. The re-calculated time-dependent particle number concentrations for 
different processes are presented in Figure 4. This figure shows that the major 
contribution to the increase in TPN after the ozone addition was the occurrence of 
smaller particles. Furthermore, it is observed that the decreasing trend of the number 
concentrations of larger particles immediately ceased during the addition of ozone. 
This result indicates that some new larger particles appeared at this stage and that the 
increased magnitude of TPN of larger particles was roughly comparable to the 
decrease caused by deposition and air exchange removal loss.  
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Figure 4 Total particle number concentrations measured by SMPS in the experiment 
of ozone addition. After the addition of ozone, old particles and new particles were 
carefully separated in light of the change of particle size, and the corresponding total 
number concentrations were recalculated. Ta: start printing; Tb: stop printing; Tc: 
start introducing ozone; Td: stop adding ozone. 
A time discrepancy was seen between the highest particle number concentration 
measured by the CPC3022 (Figure 2) and the same variable measured by the SMPS 
(Figure 3) likely resulting from differences in the detectable particle size limit between 
the two instruments. The CPC3022 has a capacity to measure particles with a diameter 
down to 7 nm; however the SMPS cannot measure particles less than 16 nm. Therefore, 
when the particle number concentration measured by the CPC3022 reached its highest 
value, a certain number of particles with a diameter less than 16 nm were not detected 
by the SMPS. With the growth of these smaller particles, the SMPS was then able to 
measure more particles and the readings eventually reached their peak value several 
minutes later. 
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These results provided convincing evidence that new particles were formed due 
to the reactions between ozone and the SOA precursors emitted during printing. The 
gas-phase reactions with ozone have been widely investigated (22-26), however details 
of the chemical mechanisms of ozone-initiated SOA formation are not well 
understood. The general process of SOA formation involves the oxidative formation 
of low-volatility products followed by nucleation or condensation onto pre-existing 
particles, i.e. gas-particle partitioning (27). If ozone and proper SOA precursors, such 
as terpenoids, are combined suddenly, nucleation usually occurs shortly after the initial 
combination of reactants when nucleating compounds have the ability to reach 
supersaturation concentrations, while partitioning occurs over the entire time of 
reaction, even if its gas phase concentration is below the saturation concentration (28). 
In this study, it seems that the active SOA precursors were consumed before the 
addition of ozone had ceased. That is possibly the reason why TPN concentration 
reached its peak before the addition of ozone had ceased. 
Ozone can also change the physical and chemical properties of aerosol particles, 
although airborne particles are less influenced by ozone than other reactive gases due 
to the slower reaction rate, less frequent collisions and high number of reactions 
required to alter the chemical nature of the particles (29). The pathways leading to the 
change of particle nature, called aerosol ageing, include reactive uptake, condensed-
phase processes and mass transfer caused by changes in the corresponding vapour 
phase (30). This class of reactions have been reviewed by Rudich et al. (2003, 2007) 
(30, 31). Reactions of ozone with unsaturated aerosol-associated compounds result in 
the formation of both volatile and non-volatile products (31). The products that remain 
in the aerosol phase are mostly carbonyls, carboxylic acids, and diacids. The volatile 
products are aldehydes of various chain lengths and can be released into the gas phase 
(32). The release of volatile products to the gas phase may contribute to the increase 
in TVOC concentration observed in this study after the addition of ozone (see Figure 
2). Another possible pathway leading to the increase in TVOC is the breakup of VOCs 
into smaller fragments following oxidation due to ozone. Since the TVOC monitor 
measures the volume fraction rather than mass concentration, the formation of smaller 
compounds from one larger one seems plausible. It is also aligned with current thought 
on how one primary ozonide molecule breaks into two molecules.  
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Generally, aerosol ageing can only change the particle mass but not number, 
which is inconsistent with the results of this study. As shown in Figure 4, the number 
of existing printer-generated particles increased slightly when ozone was added. To 
interpret this phenomenon, the following speculation was proposed: Given some large 
printer-generated particles are composed of several smaller ones fused together and 
there are unsaturated organics on the interfaces, the reactive uptake processes of ozone 
may alter the physical and chemical properties of the particle surface and lead to the 
disengagement of smaller particles, which can increase particle number.  
This speculation is partially supported by evidence from the literature which 
reports on heterogeneous reactions of ozone with organic aerosol particles. On one 
hand, the reaction of ozone with unsaturated organic compounds on the surface of 
aerosols is efficient in atmosphere, generally with a reactive uptake coefficient 
between 10-4 to 10-3 (31). Compared with gas-phase reactions, the surface reactions 
are even faster (33). For example, Morris et al. (2002) investigated the reaction kinetics 
of submicron oleic acid aerosols with ozone, and concluded that submicron aerosols 
of pure oleic acid in atmospheres polluted with 100 ppb ozone may have an 
atmospheric half-life on the order of minutes with respect to ozone reaction (34). 
Pöschl et al. (2001) also reported that the half-life of surface BaP molecules is about 5 
min at 30 ppb ozone under dry conditions (35). In the present study, the concentrations 
of ozone and particles applied (up to 1.4 ppm and 4,500 particles cm-3, respectively) 
were even higher than those in the cited studies. The maximum reaction rates between 
ozone and the existing printer-generated particles were 1.34 × 107 and 7.84 × 107 
molecules.s-1 when the ozone concentrations reached 500 ppb and 1 ppm, respectively. 
The detailed calculation method is provided in the supplementary material. On the 
other hand, the process that volatile products (such as CH2O, HCOOH, CO and CO2) 
were released to the gas phase during the reactions of ozone with organic aerosol’s 
surface (31) may provide additional force to accelerate the breaking up. To the best of 
our knowledge, however, no studies have reported similar phenomenon. Therefore, 
further investigation is required to test this mechanism. 
 
In contrast to other sources of indoor ozone-generated SOAs, such as building 
materials, wood furniture and terpene-rich household products (36-40), laser printers 
can produce both ozone and VOCs. Also, considering the small space inside printers, 
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the ozone concentration inside the printers can be expected quite high during printing. 
However, no data were reported about the ozone concentration inside the printers, and 
very few studies investigated the effect of high ozone concentration on SOA 
formation. At high ozone concentrations, RO2 radicals, which play a central role in the 
production of lower-volatility products (41, 42), could be formed by traces of oxygen 
as well as by the sequence R + O3 → RO + O2 and RO + O3 → RO2 + O2 (43). 
Additionally, Wolf et al. (2009) demonstrated that a high ratio of VOCs to ozone could 
suppress SOA yield in laboratory ozonolysis experiments where an ozone 
concentration of 5 ppm was applied, and hypothesized that RO2 radicals may be 
involved in SOA formation during ozonolysis in the presence of high ozone 
concentration (43).  
Relationship between Ozone, TVOC and Particle Concentrations. The first 
experiment (PW-0%) demonstrated that some VOCs/SVOCs generated by Printer H 
can react with ozone to form SOA. In the second chamber experiment, a normal print 
job (i.e. PW-50%) was conducted to investigate the relationship between ozone, 
TVOC and particles concentrations during printing. The time series of  ozone, TVOC 
and particles concentrations during and after PW-50% are presented in Figure 5. 
Concentrations of all three pollutants rapidly increased once printing started, with the 
highest ozone and particle number concentration being 60 ppbv and 6 × 105 particles 
cm-3, respectively. After completion of the print job, both particle number and ozone 
concentrations immediately decreased, while the concentration of TVOC kept 
increasing at a much faster rate, before reaching its peak about 5 minutes later.  
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Figure 5 Time series of TPN, TVOCs and ozone concentrations in the chamber 
during and after printing of 150 pages with 50% toner coverage by Printer H (PW-
50%). Ta: start printing; Tb: stop printing. 
The time-dependent characterisation of particle release from laser printers was 
investigated by Schripp et al. (2008) using emission test chambers (44). It was found 
that two emission profiles, constant and “initial burst”, could be easily identified for 
the tested nine printers. Those printers with an “initial burst” emission profile stopped 
producing particles soon after the print job had started, leading to a rapid decrease in 
particle concentration. However, the printers with a constant emission profile 
generated particles throughout the entire print job, as was the case with Printer H (17).  
A few studies have reported the ozone emission rates of laser printers. McKone 
et al. (2009) tested six laser printers, two of which were found to emit detectable 
amounts of ozone (9.72 and 29.17 µg.min-1, respectively) (20). More recently, He et 
al. (2010) measured 30 new laser printers and reported ozone emission rates ranging 
from 0.53-175 µg.min-1 (13). In this study, the emission rate of ozone for Printer H 
was 40.14 μg.min-1 calculated through a mass balance and a first-order decay model. 
The model has been reported in detail by Allen et al. (45) and Niu et al. (46).  
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VOC emissions from printers have been widely reported (1). The major VOC 
source is off-gassing from various printer components, such as toner powder, paper, 
plastic castings, circuit boards etc. (8, 47), as well as processed paper (11). Detailed 
VOC/SVOC emission and styrene emission from processed paper was described by 
Wolkoff et al. (11). In this study, TVOC concentration kept increasing up to several 
minutes after printing had ceased. It might be due to the fact that the temperature, both 
inside and outside of the printer, was still high (while decreased slowly) after the 
completion of a print job. For instance, the fuser roller of Printer H took more than 25 
min to cool itself back to room temperature after printing (17). On the other hand, the 
abrupt change in the rate of increase of TVOC concentration at the end of the print 
task may suggest that VOC emission was suppressed or consumed during printing, 
though a delay of heat transfer inside the printer might also alter the trend of TVOC 
concentrations. 
The relationship between the changes in concentration for ozone, particle 
number and TVOC observed in the current study is consistent with a study conducted 
by Morawska et al. (17), and further confirmed the initial hypothesis. Considering the 
presence of ozone may lead to formation of new particles or ageing of existing 
particles, health risks to human beings caused by the printer-generated particles should 
be further investigated with the secondary particles emitted by printers, rather than just 
toner powders. 
 SOA Precursors. The chamber tests have proved that laser printers in operation 
generate some SOA precursors which can react with ozone to form particles. A number 
of furnace tests were conducted to identify the possible precursors involved the ozone-
inititated SOA formation. The VOC species emitted by the heated printer components 
are identified and summarised in supplementary Table S1. Little similarity was found 
between the emission profiles for each printer component, with the major VOC species 
emitted by the paper being dibutylphthalate and n-nonanal, while benzaldehyde and 
acetophenone were the dominant VOCs emitted from the heated toner powder. Phenol 
was the major species found in fuser roller emissions, accounting for over 60% of the 
VOCs/SVOCs emitted during heating, with sulfinylbis-methane being the principle 
species emitted by heated lubricant oil. Wolkoff et al. (11) also identified these 
compounds in the VOC emissions from nine toner powders and eleven types of 
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processes paper. Although benzaldehyde, acetophenone and nonanal are likely Tenax 
degradation products by ozone (48), ozone emission was not detected during the 
heating of the printer components, indicating that Tenax artifacts were insignificant in 
this study. Actually, benzaldehyde and acetophenone are likely styrene or styrene 
oligomer oxidation products probably formed during the production of the toner 
powder. 
Although all these dominant VOC species emitted will not react with ozone, nine 
unsaturated compounds were detected in the samples (listed in Table 1). Interestingly, 
all of them came from the toner and the paper, including dodecenal, furfuryl alcohol, 
2-furaldehyde, 2,6-di-tert-butyl-p- benzoquinone, BHT-quinone methide and squalene 
from the paper, and 3-butene-2- one, 2-phenylpropenal, squalene and styrene from the 
toner. 2,6-di-tert-butyl benzoquinone and the BHT-quinone methide are a well-known 
oxidation products of BHT itself, probably added as antioxidant. 2-phenylpropenal is 
probably derived from oxidation of styrene dimer or trimers. Styrene and other 
unsaturated species were also emitted from processed paper (11). Compared to other 
compounds detected, they have higher potential to react with ozone due to having 
double bonds (51). Their reaction products may contribute to the formation of SOA 
under favorable conditions, i.e. sufficient concentration, suitable temperature and 
humidity, and so on. The overall ozone reaction rate constants of these unsaturated 
compounds are also presented in Table 1. Based on this information, the most possible 
precursors are squalene, followed by styrene and BHT-Quinone Methide. Dodecenal, 
which has the lowest ozone reaction rate constant, is less likely to be SOA precursors. 
As the most popular SOA precursors in indoor environment, limonene and alpha-
pinene have an ozone rate constant of 2.1 × 10-16 cm3.molecule-1.s-1 and 8.7 × 10-17 
cm3.molecule-1.s-1, respectively (52). This means that squalene, which has an ozone 
reaction rate constant of 258.0 × 10-17 cm3.molecule-1.s-1, will react with ozone faster 
than limonene and alpha-pinene, though few studies have investigated the SOA 
formation potential of squalene. 
Table 1 Potential ozone-initiated SOA precursors during the operation of laser 
printers 
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Possible reactants 
 
Chemical structure Overall ozone 
reaction rate 
constant * 
Source 
Dodecenal  
 0.091000 [Cis-] 
0.182000 [Trans-] 
Paper 
Furfuryl alcohol 
 
NA Paper 
2-Furaldehyde 
 
NA Paper 
2,6-Di-tert-butyl-p-
benzoquinone 
 
0.350000 Paper 
BHT-Quinone Methide 
         
0.985000 Paper 
Squalene  
 
258.000000
a
 
Paper & 
Toner 
3-Butene-2-one 
 
0.477±0.059
b
 Toner 
2-Phenylpropenal  
 
 
0.336000 Toner 
Styrene 
 
1.71±0.18
c
 Toner 
 
* The ozone reaction rates cited in this table are based on gas-phase reactions only; the unit is 10-17 
cm3.molecule-1.s-1; where no specific reference is given, these values are taken from a prediction 
model (i.e. the US Environmental Protection Agency’s EPISuiteTM).  
a The reaction probability of ozone (50ppb) and squalene on the surface is (45±14) × 10-5 (1);  
b Atkinson et al. (2);  
c Tuazon et al. (3).  
Based on the traditional mechanism of SOA formation, the low volatility of 
oxidated products can favour the transfer from the gas-phase to the particle-phase, and 
improves the SOA yield. Cyclic organic compounds, such as cycloalkenes, terpenes 
and aromatics, have long been identified as more likely to be SOA precursors since 
the oxidation of these classes of compounds more likely generates low-volatility 
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products than the oxidation of similar sized VOCs in other classes. There are two main 
reasons leading to the formation of low-volatility products: (1) the products of ring 
opening processes often have the same (or similar) carbon number as the parent 
compound, and (2) the oxidation occurs predominantly by an addition mechanism to 
produce first-generation products with two (or more) polar functional groups (53). 
Aromatic compounds contribute to SOA formation mainly through photochemical 
reactions and in the indoor environment, terpenes (in particular α-pinene and 
limonene) are the dominant SOA precursor as a result of their reactions with ozone. 
However, no terpenes, except squalene (a type of triterpene), were detected in the 
emissions of the heated printer components. 
Squalene has been widely detected as the single most abundant unsaturated 
constituent in human skin lipids (54) and can participate in reactions with indoor 
oxidants, such as ozone and nitrate, yielding volatile aldehydic and ketonic products 
(55, 56). In addition, recent studies have shown that squalene is the major scavenger 
of ozone at the interface between room air and the human envelope (57), however there 
is no evidence that squalene acts as a precursor to SOA formation in ozone-initiated 
reactions.  
Styrene was detected in the emission from both paper and toner powder in this 
study. As a common constituent in paper and toner powder, styrene has been widely 
reported in printer emisisons by a number of studies (8, 16, 21, 47, 58, 59). The rate 
constant for reaction between ozone and styrene was calculated by Tuazon et al. (1993) 
(50). Na et al. (60) reported SOA formation from a styrene-ozone system and proposed 
3,5-diphenyl-1,2,4-trioxolane and a hydroxyl-substituted ester as the major aerosol-
forming products. It was also found that SOA formation can be reduced with the 
presence of water vapour prior to styrene oxidation. 
Though all other unsaturated species can react with ozone due to their double 
bonds, few studies have been done to investigate their SOA formation potential 
possibly because of the relatively slow reaction rate with ozone under ambient 
environment or lack of lower-volatility reaction products. Recent studies suggested 
that SOA formation from VOC oxidation is not solely driven by the volatility of the 
gas-phase products formed, but is also influenced by the propensity of oxidation 
products to undergo further reactions in the condensed phase (53, 61-63). Highly 
volatile VOCs, such as glyoxal and acetylene, can associate with other aldehydes and 
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organic acids in particles to add to SOA mass (64). Therefore, the formation of SOAs 
from the degradation of smaller molecular weight VOCs can no longer be 
automatically disregarded (53). As such, some oxidant products from the ozonolysis 
reactions of unsaturated species, which were identified in paper and toner emission but 
not considered as common SOA precursors, may also have the potential to be involved 
in ozone-initiated SOA formation via this mechanism.  
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6.6 SUPPORTING INFORMATION 
 
This section includes a table summarizing the percentages of individual VOC 
concentrations from each printer component heated in a furnace, as well as the method 
used to calculate the maximum reaction rates between ozone and particles during 
printing. 
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Calculation method of the maximum reaction rates between ozone and particles 
 
In the case of a chemical reaction between the suspending gas and a particle, 
there are three mass transfer steps: (1) the diffusion of specific gas molecules to the 
surface of the particle, (2) the transfer across the interface or reaction at the interface 
and (3) the diffusion into the solid or liquid particle. Any of the three steps may control 
the rate of reaction (1). When the size of a particle is less than the mean free path, the 
reaction is controlled by the rate of random molecular collisions between the particle 
and the vapour molecules (2). In this study, the mean free path of ozone was > 4 cm 
which is far more than the particle size. Therefore, the rate of arrival of ozone 
molecules to the entire particle surface is given by (2): 
RR  =  
πdp
2p∞
√2πmkT
 
 
Where dp is the particle size, p∞ is the ambient partial pressure of vapour, m is 
the mass of a vapour molecule and k is Boltzmann’s constant.  
Assuming every collision between ozone molecules and particles will trigger a 
reaction, RR is the maximum rate of reaction. Calculation has been done for two cases 
in our experiment: (1) T = 300 K, [O3] = 500 ppb, dp = 62 nm; (2) T = 300 K, [O3] = 
1000 ppb, dp = 106 nm. The results indicate that the maximum reaction rates between 
ozone and the generated particles are 1.34 × 107 and 7.84 × 107 molecules.s-1 for the 
case 1 and 2, respectively. 
Reference: 
(1) Baron, P.A.; Willeke, K., eds. Aerosol Measurement: Principles, Techniques, and 
Applications (Second Edition). 2001, Wiley-Interscience. 
(2) Hinds, W.C. Aerosol Technology: Properties. Behavior, and Measurement of 
airborne Particles (2nd), 1999. 
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7.1 ABSTRACT 
Particle number concentrations and size distributions, visibility and particulate 
mass concentrations and weather parameters were monitored in Brisbane, Australia, 
on 23 September 2009, during the passage of a dust storm that originated 1400 km 
away in the dry continental interior. The dust concentration peaked at about mid-day 
when the hourly average PM2.5 and PM10 values reached 814 and 6460 µg m
-3, 
respectively, with a sharp drop in atmospheric visibility. A linear regression analysis 
showed a good correlation between the coefficient of light scattering by particles (Bsp) 
and both PM10 and PM2.5. The particle number in the size range 0.5-20 µm exhibited 
a lognormal size distribution with modal and geometrical mean diameters of 1.6 and 
1.9 µm, respectively. The modal mass was around 10 µm with less than 10% of the 
mass carried by particles smaller than 2.5 µm. The PM10 fraction accounted for about 
68% of the total mass. By mid-day, as the dust began to increase sharply, the ultrafine 
particle number concentration fell from about 6x103 cm-3 to 3x103 cm-3 and then 
continued to decrease to less than 1x103 cm-3 by 14h, showing a power-law decrease 
with Bsp with an R2 value of 0.77 (p<0.01). Ultrafine particle size distributions also 
showed a significant decrease in number during the dust storm. This is the first 
scientific study of particle size distributions in an Australian dust storm. 
Keywords:  Dust storm, Particle Concentration, Particle Size, Visibility, Air 
Pollution 
7.2 INTRODUCTION 
Dust storms occur when high winds caused by pressure gradients whip up loose 
soil over a large area and transport it across the land. When the wind speed reaches a 
threshold value, sand and dust particles on the surface of the ground begin to vibrate 
and are ejected into the air – a process known as ‘saltation’. The impact of these 
windborne particles on the surface ejects yet more particles and causes a chain 
reaction. Ejected sands and dust can be transported by wind to great distances and, in 
addition to reduced visibility that affects air and road transport, dust storms cause soil 
erosion and loss of organic matter and nutrients from the soil (Wang et al., 2006). 
From the point of view of human health, people with breathing-related problems, 
such as asthma and emphysema, have been known to experience difficulties during 
severe dust storms. Lei et al (2004) demonstrated that particulate matter in an Asian 
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dust storm increased lung inflammation and injury in pulmonary hypertensive rats. 
However, other studies have shown that human mortality rates were not elevated 
during dust storm days and attributed this to the absence of toxicity in crustal particles 
(Hefflin et al., 1994; Schwartz et al., 1999).  
Fine particles in the air are scavenged by larger particles.  This process of 
coagulation can lead to a shift of average particle size to larger values, especially when 
the number concentration of particles is high (Matsoukas and Friedlander, 1991). 
Urban environments are dominated by particles from motor vehicle exhaust, with the 
large majority of them being in the ultrafine size range, that is - smaller than 0.1 µm 
(Shi et al., 1999). A detailed account of the characteristics of ultrafine particles in urban 
environments may be found in the two recent reviews by Morawska et al. (2008) and 
Kumar et al. (2010). Thus, the passage of a dust storm across a major city offers an 
ideal opportunity to investigate the coagulation process between two distinctly 
different particle size groups in the outdoor environment.  
Air quality monitoring stations routinely measure particulate mass in accordance 
with the respective national ambient air quality standard requirements and normally 
record this quantity as PM10 or PM2.5 - the mass concentration of particles smaller than 
10 µm or 2.5 µm, respectively. This has enabled a considerable amount of research 
addressing particle mass concentrations during the passage of dust storms. For 
example, Zhang et al (2006) monitored particles in the 20 March 2002 dust storm in 
Beijing, China, and showed that the peak total suspended particle concentration 
reached 12,000 µg m-3 while the mass concentrations of coarse particles accounted for 
91% of the total, compared to 61% on non-dust storm days. Choi and Choi (2008) 
measured particulate mass concentrations at the ground during a dust storm in 
Kangnung, Korea on 8 March 2004 and showed that PM10 concentrations reached 340 
µg m-3.  They also found that most of the particles were in the range between PM2.5 
and PM10.   Several other studies have confirmed that the average particle size in a dust 
storm occur in the size range 2-6 µm (Abdulla et al, 1988; Mikami et al, 2005; 
Kobayashi et al, 2007). Wang et al (2008) used aircraft measurements during the 2006 
dust storms over the coastal areas in Northern China and reported that number 
concentrations of ultrafine particles exceeded 105 cm-3. While, data on particle number 
distributions in dust storms is sparse, measurements of ultrafine particles during dust 
storm episodes is highly limited. 
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The continental interior of Australia is a major global source region for 
atmospheric dust. However, unlike dust and sand storms that occurs regularly in many 
parts of the world such as in Northern China and the Sahara, Australian dust storms 
require a specific sequence of environmental conditions. During heavy rain episodes, 
flood waters from Queensland flow south and deposit large quantities of fluvial 
sediments over a large area of the continental interior in and around the Lake Eyre 
Basin (see map in Fig 1). Such intense flood events followed by prolonged drought 
conditions can then lead to a significant erosion of alluvial dust with the onset of strong 
winds that generally occur around September-November (Mitchell et al., 2010). In 
contrast to the composition of dust in other parts of the world, Australian desert dust 
is particularly rich in iron which gives it its typical reddish hue, while halites from dry 
salt lakes comprise about 0.5% by mass (Radhi et al, 2010).  
7.3 METHODS 
7.3.1 Overview and Aims 
On the 22nd and 23rd September 2009, a large amount of dust was swept up in 
strong winds caused by an intense low-pressure zone near Lake Eyre and was very 
quickly carried eastwards and northwards (Fig 1). The ensuing dust storm was 
estimated to be the worst in 70 years (AGBM, 2010). At its peak, the dust plume was 
more than 3400 km long and stretched from southern New South Wales to far north 
Queensland. Airborne particle concentrations of over 15,000 µg m-3 were recorded at 
many locations. It is estimated that 1.6 x 109 kg of dust was removed from the 
continental interior which at one time was losing 7.5 x 107 kg h-1 of dust off its eastern 
coastline (Leys et al., 2009). The region affected by the dust included the state capitals 
of Sydney and Brisbane.  The dust reached Brisbane at a distance of about 1400 km 
from its source at around 11 am on the 23rd and by 12 noon, resulted in a drop in 
visibility to a few metres. Dust in the air gave the environment an eerie red-orange 
colour and the air temperature dropped by several degrees. 
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Figure 1: Map of Australia, showing the source and dispersion of dust. All sampling 
was carried out in Brisbane 
The International Laboratory for Air Quality and Health (ILAQH) at the 
Queensland University of Technology was carrying out measurements of airborne 
particles at the top of two buildings in the Central Business District of Brisbane when 
the dust storm passed over the city. The aim of this paper is to use the results obtained 
to investigate the physical characteristics of the dust particles as well as to assess the 
impact of the dust on the regular ultrafine particle number and mass concentrations in 
an urban environment. 
7.3.2 Monitoring Sites 
As this was not a planned experiment, not all instruments were operative right 
through the dust storm and not all at the same location. The measurements were carried 
out at two locations, to be denoted Site A and Site B, being two buildings in the 
Brisbane Central Business District (CBD), separated by a distance of about 0.5 km. 
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Site A was located in a six-floor building within the Gardens Point campus of the 
Queensland University of Technology, approximately 100m away and midway 
between a busy freeway and the City Botanical Gardens. The air was sampled from 
outside a 6th floor window.  This site also included an air monitoring station operated 
by the Queensland Department of the Environment and Resource Management 
(DERM). Site B was located in a five-floor building situated next to a city street with 
the air sampled from outside the 5th floor. Therefore, both monitoring sites could be 
regarded as urban environments, normally dominated by vehicular emissions. 
7.3.3 Instrumentation 
The following particle measuring instruments were used in this study: 
The TSI 3320 Aerodynamic Particle Sizer (APS) is an optical time-of-flight 
spectrometer that provides real time high-resolution particle sizing from 0.5 to 20 µm. 
A complete size distribution, in 52 size bins within the detection range, was obtained 
every 1 min.  
The TSI 3782 water-based Condensation Particle Counter (CPC) measures 
ultrafine particle number concentration down to a size of 10 nm at concentrations up 
to 5x104 cm-3. Readings were taken every 1 s and the software was programmed to log 
average values at intervals of 5 s. 
The TSI 8520 DustTrak Aerosol Monitor is a portable laser photometer that 
measures and records airborne dust concentration from 1 to 105 µg m-3. The DustTrak 
is calibrated against a gravimetric reference using the respirable fraction of standard 
ISO Arizona test dust which has a wide size distribution covering the entire size range 
of the DustTrak and is representative of a wide variety of ambient aerosols (TSI, 1997). 
An inlet impactor was used to restrict the sampled particle mass to an upper size of 2.5 
µm (PM2.5). Readings were taken every 1 s and the instrument was set to log average 
values at intervals of 30 s. 
Using PM2.5 data obtained during the dust storm, the DustTrak was calibrated 
against a tapered element oscillating microbalance (TEOM) located at Site A. The 
TEOM is an instrument that is certified by the US-EPA for gravimetric measurements 
of particulate matter in ambient air. These results are shown in the Supplementary 
Material of this paper. 
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A TSI 3936 Scanning Mobility Particle Sizer (SMPS) comprising a 3080 
electrostatic classifier and a 3010 CPC was used to obtain particle size distributions in 
the size range 4 to 100 nm in 91 size bins. A complete scan was derived every 10 min 
in real time. 
Table 1 shows the location and times of operation of the various instruments. 
While the APS and SMPS were located at Site A, the CPC and DustTrak were located 
at Site B. These locations were not selected but, with the exception of the APS, the 
instruments happened to be operating there on other projects as the dust storm 
approached. It is unfortunate that the APS was not switched on until 16h. 
Meteorological, visibility and PM10 concentrations were monitored at the roof level of 
the building at the DERM air monitoring station at Site A. The meteorological 
parameters included air temperature, relative humidity, wind speed and direction.  
Visibility was monitored with an integrating nephelometer that measured the 
atmospheric light scattering coefficient of particles (Bsp) and expressed it in Mm-1. 
Particulate matter concentration in the form of PM10 was recorded with a TEOM at 
Site A. Hourly average data of the meteorological conditions, visibility and PM10 
values were also obtained from several ground-level DERM monitoring stations 
around the city of Brisbane.  
Instrument Site Period Operated on 23/09/2009 
APS A 16h – 24h 
SMPS A All day 
CPC B 0h - 15h 
DustTrak B All day 
TEOM A All day 
Nephelometer A All day 
Met Parameters A All day 
 
 
Table 1: The instruments, their locations and times of operation.  
7.3.4 Data Analysis 
The data on the CPC, APS, DustTrak were logged in real time at 1 s intervals. 
The DERM data were available as 30 min averages. Linear regression analysis was 
used to determine the correlation coefficients between half-hourly PM10 and PM2.5 
values and the corresponding Bsp values. The SMPS and APS data were processed 
and analysed using Aerosol Instrumentation Manager Software from TSI. 
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7.4  RESULTS AND DISCUSSION 
7.4.1 Overview of the dust episode 
The morning of the 23rd September 2009 was a typical fine spring day in 
Brisbane. At 8 am, the air temperature was 23ºC and the relative humidity just over 
60%. A steady gentle breeze of 0.4 m s-1 blew in from the west. Ambient particle 
concentration was normal with a PM10 level of 21 µg m
-3 and a Bsp of 22 Mm-1 at Site 
A. However, by about 10 am, with dust being transported in by the westerly winds, the 
PM10 had exceeded 100 µg m
-3, while the visibility had deteriorated, almost doubling 
the Bsp to 41 Mm-1. The Australian ambient air quality standard for PM10 averaged 
over 24 hours is 50 µg m-3. By 11 am, the effects of the dust storm were clearly visible. 
Conditions continued to deteriorate rapidly in the next hour. Maximum dust levels 
were observed near mid-day with the Bsp exceeding 1000 Mm-1. Thereafter, the 
visibility continued to improve steadily with the Bsp dropping sharply until 17h and at 
a slower rate thereafter. By midnight, there was still a considerable amount of dust in 
the air, as evidenced by the Bsp value of 83 Mm-1. The real time variation of Bsp in 
Figure 2 shows the passage of the dust storm over Brisbane. It is instructive to note 
that the Bsp in Brisbane on a normal day is 10-30 Mm-1. 
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Figure 2: Light scattering coefficient of particles (Bsp) as a function of time (Site A). 
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7.4.2 DustTrak Accuracy 
Figure 3 shows the half-hourly averaged PM2.5 data from the DustTrak at Site 
B and the TEOM at Site A, obtained between 12:30 h and 15:30 h which corresponds 
to the time period when the dust was most concentrated on the day of the dust storm. 
The two parameters are plotted against each other. Despite the separation of about 0.5 
km between the two sites, the slope of the best line is very close to 1 (0.99 with R2 = 
0.99) showing excellent agreement between the two parameters. This result indicates 
that the material of the dust was very similar to the Arizona Dust that is used to 
calibrate the DustTrak (TSI, 1997) and provides confidence that the DustTrak data 
may be used as a reasonably accurate measure of the PM2.5 particulate matter 
concentration in the dust storm. 
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Figure 3: Half-hourly averaged PM2.5 data from the DustTrak and the TEOM during 
the dust storm, plotted against each other. 
7.4.3 Particulate Mass Concentrations 
Figure 4 shows the hourly average particulate mass concentrations between 10h 
and 16h.  The time axis shows the end-hour of each data bin. Thus, for example, the 
maximum average PM2.5 and PM10 values of 814 and 6460 µg m
-3, respectively, were 
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observed during the hour between 12-13h. It is clear that most of the particulate mass 
in the size range below 10 µm lay between 2.5 µm and 10 µm. 
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Figure 4: Hourly average PM10 and PM2.5 concentrations as a function of time (Site 
A). 
7.4.4 Larger Particles 
Figure 5(a) shows the particle number size distribution as measured with the 
APS at 16h. Note that particles smaller than 0.5 µm are not included in this figure. The 
total APS particle number concentration was 17.3 cm-3 and exhibited a near-lognormal 
size distribution with modal and geometrical mean diameters of 1.6 and 1.9 µm, 
respectively. The particle volume size distribution (Figure 5(b)) shows that most of the 
particle volume and, hence, mass was contributed by particles larger than 2.5 µm. The 
modal mass was around 10 µm. A cumulative analysis showed that less than 10% of 
the mass was carried by particles smaller than 2.5 µm, while the PM10 fraction 
accounted for about 68% of the total mass. However, these comparisons should be 
treated with caution, as the APS software calculates the volume from the size assuming 
that the particles are spherical. 
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Figure 5: Particle number (a) and volume (b) size distributions measured by the APS 
(Site A). 
 
7.4.5 Ultrafine Particle Number Concentration 
Next, we look at the impact of the dust on the ultrafine particle number 
concentrations. It has been shown that the large majority of ultrafine particles in urban 
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settings are combustion aerosols from vehicle emissions (Shi et al., 1999; Wahlin et 
al., 2001). Most of these particles are smaller than 200 nm, which is less than one-tenth 
the size of particles in the dust storm. This gives rise to a process of polydisperse 
coagulation whereby smaller particles diffuse to the surface of larger particles. A 
tenfold difference in particle size produces a threefold increase in coagulation (Hinds, 
1982). Coagulation generally leads to a reduction in small particle number with no 
change to the particle mass concentration.  
On dust-free days, prior to the event day, the ultrafine particle number 
concentrations at both measurement sites were typically of the order of 1x104 cm-3. 
Average values peaked between 1x104 and 3x104 cm-3 during the peak traffic hours 
and dropped to about 5x103 cm-3 in the early hours of the morning. The mean daytime 
concentration on the day immediately prior to the dust storm, 22nd September, was 
1.2x104 cm-3. On the 23rd, after a normal peak number concentration of about 1.5x104 
cm-3 during the morning traffic peak, the concentration as measured by the CPC at Site 
B stabilised at around 6x103 cm-3 by mid-morning. Figure 6 shows the ultrafine particle 
number concentration together with the PM2.5 measured at the same location between 
10h and 15h. The PM2.5 curve clearly shows the arrival and passage of the dust. At 
11h, as the PM2.5 value began to increase sharply, the particle number concentration 
showed the expected decrease. Particle number concentration values fell from about 
5x103 cm-3 at 11h to less than 3x103 cm-3 by 12h at the peak of the storm. This initial 
sharp decrease in ultrafine concentration coincided with the arrival of the main dust 
storm peak. However the ultrafine particle number concentration then continued to 
decrease at a slower rate even after the dust concentration had begun to decline. These 
observations suggest that coagulation scavenging of the ultrafine particles was 
accompanied by a second unidentified process, and that both acted simultaneously to 
reduce the ultrafine particle number concentration. Right through the time period 
depicted in Figure 6, the wind remained WSW (250ºTN ± 15º) at a fairly steady 4.5 ± 
0.5 m s-1. Air temperature was 26º ± 1º while the relative humidity dropped steadily 
from about 50% at 10h to about 16% at 15h. Thus, it is unlikely that any change in 
particle number concentration or particle size was due to a changing air mass other 
than for the dust from the south-west. In support of the modelling studies that have 
shown that fine mode particles are scavenged by larger particles in the environment 
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(Ackermann et al., 1998; Jung et al., 2002), the present study demonstrates that the 
effect can be very effective in a real life dust storm situation. 
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Figure 6: Ultrafine particle number concentration together with the PM2.5 measured 
at Site B. 
Next, we investigate the effect of PM10 on the ultrafine particle number 
concentration. Figure 7 shows the hourly average ultrafine particle number 
concentration against the corresponding PM10 concentration between 7h and 16h on 
the 23rd September. The graph shows a sharp decrease in ultrafine particle number 
concentration as the PM10 concentration increased. The ultrafine particle number 
concentration showed a power-law decrease with PM10 with an R
2 value of 0.73 
(p<0.01). 
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Figure 7: Hourly average ultrafine particle number concentrations as a function of the 
PM10 concentration. 
7.4.6 Bsp and PM Correlations 
In Figure 8, we look at correlations between the light scattering coefficient of 
particles (Bsp) and the particulate matter concentrations, PM10 and PM2.5. Figure 8(a) 
shows the hourly particulate matter concentrations against Bsp, between 7h and 16h 
on the 23rd September. A linear regression analysis showed a good correlation 
between Bsp and both PM10 and PM2.5, with an R
2 value of 0.98 (p<0.01) for each. 
Fine particles in the size range 0.4 to 0.7 µm that corresponds to the visible spectral 
wavelength are more efficient at scattering light than other sizes. As this range falls 
within the size ranges of both PM10 and PM2.5, it is not surprising that they both 
correlate well with Bsp. 
Figure 8(b) shows the corresponding hourly average ultrafine particle number 
concentration measured by the CPC as a function of Bsp. In accordance with Figure 4, 
this graph showed a sharp decrease in particle number concentration as the dust arrived 
and the Bsp increased. The particle number concentration showed a power-law 
decrease with Bsp with an R2 value of 0.77 (p<0.01). 
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Figure 8: Hourly average (a) particulate matter and (b) ultrafine particle number 
concentrations shown as a function of the light scattering coefficient of particles, 
Bsp. 
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As stated, the APS was switched on soon after 16h and continued to sample until 
10h on the next day. Figure 9 shows the particle number concentration and geometrical 
mean diameter as measured between 16h and 24h. If we disregard the peak at around 
18h, which was no doubt associated with increased road dust from vehicular traffic in 
the evening rush hour, we see that the number concentration dropped steadily from 
about 16 cm-3 to about 5 cm-3 during this period. Over the same period, the hourly 
average Bsp and PM10 dropped from about 280 Mm
-1 to 85 Mm-1 and from 1300 µg 
m-3 to 400 µg m-3, respectively (Figures 2 and 4). It is interesting to note that, from 
16h to 24h, all three parameters decreased by the same factor of just over 3. This was 
only possible if the particle size did not show a significant difference in time and this 
is substantiated by the time series graph of the particle diameter in Figure 9. There are 
twelve outlier points seen in the graph close to 20.30h and 23.00h, which are clearly 
due to spurious effects as they fall well above the expected variation of the long term 
readings. Excluding these twelve points, the APS particle geometrical mean diameter 
over this period was 1.9 ± 0.1 µm, where the uncertainty is the standard deviation. 
Thus, we see that the variation of the particle diameter about its mean value was no 
more than about 5%. The slight increase at night-time was probably caused by 
hygroscopic growth and/or particle coagulation, both phenomena that have been 
observed in the environment. Right through the time period depicted in Figure 9, the 
wind remained WSW (255ºTN ± 10º) at a fairly steady 4.5 ± 1.0 m s-1. 
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Figure 9: Particle number concentration and geometrical mean diameter as measured 
by the APS. 
7.4.7 Ultrafine Particle Size Distribution 
Figure 10 shows the ultrafine particle size distributions before and during the 
dust storm as measured by the SMPS. Each curve is the average of 12 scans over a full 
two-hour period. The upper curve reflects the size distribution prior to the arrival of 
the dust between 8 and 10 am. During this time, the particle mass concentration values 
were as on any other day, indicating no excess dust in the atmosphere. As the dust 
arrived, the ultrafine particle numbers decreased. This reduction was very pronounced 
for ultrafine particles in the size range close to 100 nm but decreased at smaller sizes, 
with no significant drop in number being detected for particles smaller than 20 nm. 
This latter range is generally occupied by nanoparticles produced by nucleation of the 
gaseous products of motor vehicle emissions (Kittelson et al., 2004). Given the urban 
location of the measurement site, it is probable that local traffic emissions were 
responsible for maintaining concentrations in this size range and that those emissions 
had been produced too recently to have been significantly affected by the surrounding 
dust particles.  
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Figure 10: Ultrafine Ultrafine particle size distributions before and during the dust 
storm. 
7.5 CONCLUSIONS 
At the peak dust time, the hourly-averaged PM2.5 and PM10 values were 814 and 
6460 µg m-3, respectively, with the light scattering coefficient of particles, Bsp, 
exceeding 1000 Mm-1. A linear regression analysis showed a good correlation between 
Bsp and both PM10 and PM2.5. The PM10 fraction accounted for about 68% of the total 
mass. The particle number concentration measured by the APS exhibited a lognormal 
size distribution with modal and geometrical mean diameters of 1.6 and 1.9 µm, 
respectively. The modal mass was around 10 µm with less than 10% of the mass 
carried by particles smaller than 2.5 µm. The ultrafine particle number concentrations 
fell sharply as the dust storm passed over - from about 6x103 cm-3 to about 3x103 cm-
3 as the dust peaked and then continued to decrease to less than 1x103 cm-3 over the 
next two hours. Through our observations, we have also shown that the number 
concentration of ultrafine particles in the environment is significantly suppressed due 
to scavenging by larger particles during a dust storm. The ultrafine particle number 
concentration showed a power-law decrease with PM10 with an R
2 value of 0.73 
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(p<0.01). We believe that this is the first report of the particle size distribution in an 
Australian dust storm. 
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8.1 ABSTRACT 
While recent research has provided valuable information as to the composition 
of laser printer particles, their formation mechanisms, and explained why some 
printers are emitters whilst others are low emitters, fundamental questions relating to 
the potential exposure of office workers remained unanswered.  In particular, (i) what 
impact does the operation of laser printers have on the background particle number 
concentration (PNC) of an office environment over the duration of a typical working 
day?; (ii) what is the airborne particle exposure to office workers in the vicinity of 
laser printers; (iii) what influence does the office ventilation have upon the transport 
and concentration of particles?; (iv) is there a need to control the generation of, and/or 
transport of particles arising from the operation of laser printers within an office 
environment?; (v) what instrumentation and methodology is relevant for characterising 
such particles within an office location?  We present experimental evidence on printer 
temporal and spatial PNC during the operation of 107 laser printers within open plan 
offices of five buildings.  We show for the first time that the eight-hour time-weighted 
average printer particle exposure is significantly less than the eight-hour time-
weighted local background particle exposure, but that peak printer particle exposure 
can be greater than two orders of magnitude higher than local background particle 
exposure.   The particle size range is predominantly ultrafine (< 100nm diameter).  In 
addition we have established that office workers are constantly exposed to non-printer 
derived particle concentrations, with up to an order of magnitude difference in such 
exposure amongst offices, and propose that such exposure be controlled along with 
exposure to printer derived particles.  We also propose, for the first time, that peak 
particle reference values be calculated for each office area analogous to the criteria 
used in Australia and elsewhere for evaluating exposure excursion above occupational 
hazardous chemical exposure standards.   A universal peak particle reference value of 
2.0 x 104 particles cm-3 has been proposed.  
8.2  INTRODUCTION 
Recent studies have concluded that laser printers can be significant sources of 
ultrafine particles (< 100nm diameter) [1-3], the particles are volatile and of secondary 
nature, being formed in the air from volatile organic compounds originating from both 
the paper and hot toner, and that the difference between a high and low emitting printer 
lies in the speed and sophistication of the temperature control [3].  Whilst such 
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information is essential for the design of low emitting printers, information is also 
needed regarding the pattern of the printer particle emissions within actual office 
locations and the subsequent exposure of office workers so as to guide decision making 
regarding implementation of particle exposure controls.  Destaillats et al [4] concluded 
human exposure to potentially harmful pollutants emitted from office equipment has 
not been systematically evaluated and is currently not well understood.  Koivisto et al 
[5] found printer-emitted particles increased office 6-h averaged particle concentration 
over eleven times compared to background particle concentration.  Hanninen et al [6] 
concluded daily uptake and lung deposition of printer particles can occur and that 
associated risk to health was low, and also substantially lower than the estimated risks 
due to exposure to ambient particles.   In summary the objectives of our study included 
the measurement of particle mass and number concentrations arising from laser 
printers, the assessment of the impact of ventilation on particle spatial and temporal 
characteristics, and the assessment of human exposure to the particles.  We have 
recommended a method for characterizing exposure of office workers to printer 
generated ultrafine particles.  Because this study was primarily one of particle 
exposure measurement rather than a study of the toxicology of the particles and 
because the scientific literature is inconclusive regarding the actual toxicity of the 
particles, guidance rather than recommendations has been provided on selection of 
particle exposure controls, along with examples of control strategies.  Whilst the 
measurement of particles is relatively simple, what is crucial is the analysis of the data 
so as to demarcate non-printer particle exposure from printer particle exposure, so as 
to inform exposure control decisions.   
8.3 MATERIALS AND METHODS 
Temporal and spatial particle number and mass concentration was characterized 
for laser printers operating within office environments in order to estimate particle 
exposure to office occupants, and importantly to provide guidance on particle exposure 
control reflective of actual exposure.  To achieve this aim, the study was designed to 
cater for (i) the most common minimum distance between an office worker and a laser 
printer; (ii) the average breathing zone height of a seated office worker; (iii) the 
influence of local ventilation upon the transport of particles from the laser printer; (iv) 
the influence of low, medium, and high emitting printers on particle concentration 
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within an office; (v) differing air movement both within and between office locations; 
and (vi) background particle number and mass concentrations.   
8.3.1  Instrumentation  
Particle number and mass concentration. Three TSI Incorporated (St. Paul, MN) 
Condensation Particle Counters (CPCs) were used for measurements of particle 
number concentration: a TSI Model 3025A with a sampling time of 1 second and 
particle size range of 0.007 - 3 µm was used for continuous measurement of particles 
from the printers, and a TSI Model 3781 CPC, with a sampling time of 5 seconds, and 
particle size range of 0.006 - 3 µm was used to measure outdoor particle number 
concentration. A TSI Model 8525 P-Trak Ultrafine Particle Counter was used to 
measure total particle number concentration (sample time 1 second) in the size range 
0.02 - 1 µm. Particle size distribution in six channels between 0.3 µm to 10 µm was 
measured by a TSI Model AeroTrak 9306 hand-held optical particle counter (OPC). 
Particle mass concentration was measured by a TSI Model 8520 DustTrak Aerosol 
Monitor using a 2.5 µm impactor at the aerosol inlet.   
Air temperature, relative humidity (RH) and carbon dioxide (CO2).  These were 
monitored using a TSI Q-Trak Plus Indoor Air Quality Monitor.  This data allowed the 
identification of the automated start-up and shut-down times of the building ventilation 
systems.   
Air velocity. The velocity of air through room air supply inlet ducts was 
measured by a TSI Velocicheck Model Anemometer. 
The calibration of the three CPC’s was checked against a standard CPC in the 
laboratory prior to conducting the measurements, whilst the OPC and DustTrak had 
both undergone factory calibration within the previous 12 months.  
8.3.2 Selection of offices and printers 
For part one of the study, discrete business units located in five buildings within 
the central business district of Brisbane, Australia, were selected for particle 
measurement.  107 laser printers were identified during a walk-through survey of open 
plan work areas.  Since it is known that a large proportion of printers emit low 
concentrations of particles [1], and in order to reduce unnecessary particle 
measurement, printers for inclusion in the study were selected based upon: criteria (a) 
particle emission status where a hand-held condensation particle counter (CPC), in this 
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case a P-Trak, was used to measure the PNC arising from the operation of all laser 
printers within the office area of the business unit and at all potential particle emission 
points of each printer during the printing of a single page.  The background office PNC 
was measured when the printer was not printing and the measurement was then 
repeated immediately during and after the printer had printed one page. The P-Trak 
was set to record one data reading per second and the total duration for each test was 
between 2-3 min. The ratio of the peak PNC, measured during the one page printing 
event, to the background PNC was calculated.  All printers with ratios > 2 were 
selected for further investigation.  This printer emission classification system is in 
keeping with that used by He et al [1], who used a P-Trak to catalogue printers into 
four different classes, in terms of the ratio of particle emission concentration to 
background, including: non-emitters (ratio ≤ 1); low emitters (ratio  > 1 and ≤ 5), 
medium emitters (ratio > 5 and ≤ 10 to background); and high emitters (ratio > 10 to 
background); and criteria (b) accessibility where the trolley containing the 
measurement equipment was required to be located at the predetermined particle 
exposure measurement position of 1 m from the printer.  Some printers that met criteria 
(a) had to be excluded because the furniture configuration in the office area would not 
allow the trolley to be located at this distance.   Of the 107 printers assessed, 45 were 
classified as emitters, with 26 meeting both selection criteria and therefore admitted to 
this part of the study.   
Part two of the study involved selecting two additional printers that meet 
selection criteria (a), and evaluating the response of handheld instruments, namely the 
P-Trak, OPC, and DustTrak, to laser printer particles.  This measurement data was 
used to inform our recommendations regarding instrumentation and methodology for 
characterizing laser printer particles at office locations.   
The 107 printers included in the initial survey included three manufacturers and 
of these, 32 printer models.   
All buildings were serviced by heat, ventilation and air-conditioning (HVAC) 
systems with outdoor air entrained into air handling units, filtered, and delivered to 
each occupied area through central ventilation ducting, along with remixed air.  The 
predominant design of all the office locations was open plan with one laser printer 
typically shared amongst up to 6 computer work stations in each work pod, with the 
laser printer/s located amongst the workstations.  Such a configuration typically 
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resulted in varying distances between the laser printer and the various computer work 
stations, ranging from approximately one to three metres.  Some laser printers were 
located in enclosed offices that were connected to the open plan areas by a single 
doorway. 
8.3.3 Study design 
Following observation of the typical distances the initial 107 printers were 
located from computer work stations, 1 m was identified as a typical minimum distance 
between an occupant of a computer workstation and a desk-located laser printer.  
Therefore, part one of the investigation focused upon the potential worst case exposure 
scenario for office workers defined as a work station at 1 m from an emitting printer.   
Measurement equipment, consisting of a TSI CPC 3025, DustTrak, and Q-Trak, was 
therefore located on a trolley one meter away from each laser printer and at an 
orientation to the printer such that the airflow in the room was most likely to transport 
particles to the equipment.  To assist with this artificial smoke was generated so as to 
visualize the likely predominant direction particles would move away from the printer. 
This then allowed the measurement equipment to be located so as to characterize worst 
case exposure at 1 and 2 m from the printers.  The air inlets of the measurement 
instruments were situated on the trolley at a height of 1.15  m from the floor to 
represent the height of the mouth/nose (potential entry route of particles to the 
respiratory system) of a seated office worker.  The height of 1.15  m is the approximate 
50th percentile “sitting eye height” anthropometric data of British adults aged 19-65 
years [7].     
In addition, for five laser printers, a P-Trak was also located at a distance of 2  m 
from the printer to simultaneously compare PNC at 1 and 2 m from the printer in order 
to investigate the influence of distance, local ventilation, and dilution upon PNC and 
office worker exposure.  
For an additional printer, particle concentration was measured simultaneously at 
0.1 m from the paper exit tray and at one meter from the printer so as to further evaluate 
the influence of local ventilation upon particle transport.  
 
During part two of the study, for an additional two printers, only handheld 
instruments were used so as to evaluate the utility of such instruments in characterizing 
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the emission and transport of particles arising from the operation of laser printers.  A 
handheld P-Trak and OPC were used to simultaneously characterize PNC in the size 
range of 20 to 10,000 nm at the printer particle source, and at varying distances from 
the printers.  A handheld DustTrak was also used to characterize particle mass in the 
size range of less than 2.5 µm (2500 nm).   
The instrumentation on the trolley was operated during office hours and also 
over the previous night to characterize the office hours and 24-hour real-time 
background PNC. Q-Trak data (changes in temperature and relative humidity) was 
used to identify the approximate times the HVAC system commenced and stopped 
operation for each day.  For the overnight measurements, as printers were not 
operating, other likely sources of particle generation such as cleaner activity were 
identified were possible.  Measurements then continued throughout the working day 
and were stopped at the end of the working day, typically around 4.30pm.  As 
observation of the working patterns of the office workers revealed 8.30am to 4.30pm 
as being the time period the majority of office workers occupied the offices, this time 
period was selected for calculation of eight-hour office hour printer particle exposures.  
During office hours other sources of particle emission, such as the operation of 
microwave ovens and sandwich toasters, were confirmed using a P-Trak and recorded 
in a diary.  
Initially, persons using each printer were asked to record, on a form located at 
each printer, the time and number of pages printed for each printing episode.  However 
due to a lack of consistency in such record keeping this changed to the investigator 
recording this data.   
Particle number and mass concentration data was also simultaneously collected 
using a CPC 3781 and DustTrak located in the plant room through which the office 
area received its outdoor air intake in order to distinguish between outdoor particle 
events, and indoor particle emission events such as that arising from the operation of 
laser printers.  
  
To identify the influence of the air-conditioning system upon the transport of 
particles the duct face velocity and face area of the air inlet and outlet ducts in the 
immediate vicinity of the printers, and the distance between the ducts and the printers 
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were measured.   Artificial smoke was generated at varying distances between 
ventilation inlet and outlet ducts and the laser printer so as to visualize and measure 
the zone of influence of the ducts upon particle movement from the printers.  More 
quantitative data on the operation of the air-conditioning system, such as room air 
supply volumes, percentage of mixed and outdoor air were not available from the 
building maintenance managers.   
For the purposes of reporting printer measurement results the printers were 
coded LJ1 through to LJ26 for part one of the study, and LJ27 and 28 for part two.   
8.3.4 Data analysis 
All statistical analyses (t-test, and analysis of covariance [ANCOVA]) were 
conducted using Microsoft Excel, and R (R Development Core Team, 2010).  A level 
of significance of p = 0.05 was used for all statistical procedures. When the data was 
not normally distributed, a robust analysis (trimming off the maximum and minimum) 
or logarithmic transformation was employed.  
8.4 RESULTS 
8.4.1 Time series of particle number concentrations in the offices 
Shown below are several selected time-series plots of the PNC measured as part 
of the study. These graphs provide data on the ultrafine particle (UFP) and PM2.5 mass 
concentration.  The plotted measurement values reflect both the office particle 
background and the particle concentrations during the discrete print episodes so as to 
illustrate specific aspects of particle behavior.   
Figure 1 illustrates UFP and PM2.5 mass concentration time-series for high-
emitting printer LJ17. Concentration peaks for UFP associated with discrete printing 
events are identified against a steady background of 3.0 x 103 particles cm-3. 
Concentration peaks exceeded the detection limit of 1.0 x105 particles cm-3 for 6 out 
of 15 events and varied widely for the events recorded. PM2.5 peak values did not differ 
from the background values and were not associated with print jobs.” 
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Figure 1: Particle number and mass concentration measured from printer LJ17 
which was classified as a high-emitter.  The vertical dotted lines demarcate the time 
period used for calculating office hour particle exposures.   
In some offices printer PNC was not distinguishable from background PNC.  For 
example, for printer LJ2, which was classified as a low-emitting printer, the 
background PNC is seen to fluctuate between about 1.5 x 103 particles cm-3 and 7.5 x 
103 particles cm-3. There were nine print jobs during the period under consideration. 
The PNC peaks during each of these print jobs were relatively small and only just 
distinguishable over the background.  Again, PM2.5 peak values did not differ from the 
background values and were not associated with print jobs. Figure S1 (Supporting 
Information) shows the corresponding graph for printer LJ2.  
The PNC inside the office areas and outdoor was measured simultaneously so as 
to identify any influence of stronger particle sources upon the indoor PNC.  Figure S2 
(Supporting Information) shows a comparison of the typical PNC concentration 
measured over a 24-hour period inside an office, and immediately outdoor the plant 
room vent that providing outdoor air to the office. The outdoor PNC is clearly higher 
during the day compared to night and reflects the central business district location of 
the office with vehicle traffic patterns a major influence on the strength of outdoor 
PNC.  The office background PNC is clearly higher (p-value < 0.01) during office 
hours compared to overnight. This is because the ventilation system provides outdoor 
air to the office during office hours compared to at night when the ventilation system 
is typically not delivering air to the office.  Because the building ventilation system 
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typically does not filter all the vehicle particles from the office air supply, office 
workers are constantly exposed to a background or ambient PNC.    
8.4.2 Contribution of particles from printing activities to the overall office 
background average particle number concentration 
For each printer/office, a time series of the PNC and PM2.5 was plotted for the 
hours 8.30am to 4.30pm.   The beginning and end points of each printing peak PNC 
were identified so as to demarcate the contribution of printer particles from the 
background PNC (see Supporting Information Text S1 for further information 
regarding this).    
To determine if there were any differences between the mean CPC data that 
included and excluded printer PNC peaks, the PNC data during printing and between 
printing was grouped and a two sample t-test was performed using the means of these 
groups.  Table S1 (Supporting Information) summarizes the average PNC at 1  m both 
with and without the print PNC, and the calculated p-values for all 25 printers.  A 5% 
significance level was used.  (see Supporting Information Text S2 for a further 
description of the t-test) 
Of the 25 printers studied, 18 showed a statistically significant increase in PNC 
associated with printing, at 1 m from the printer, over the background PNC, indicating 
these 18 printers made a statistically significant contribution to the normal background 
PNC for that office area. 
8.4.3 Eight-hour time-weighted average exposure of office workers to particles 
arising from printing activities 
In the absence of an exposure standard for laser printer particle emissions an 
approach needed to be developed so as to evaluate printer particle exposure.  Therefore 
the eight-hour TWA local background particle exposure to which office workers are 
subjected to has been used as the comparative for exposure to laser printer particles.  
The local background particle exposure for each office was calculated by subtracting 
the average PNC associated with printing from the total PNC for each office hour 
period and applying an eight hour weighting period.   
This eight-hour TWA local background particle exposure value, as shown in 
column nine of Table 1, reflects the exposure to particles arising from non-printer 
sources such as from vehicle emissions outdoor the building that subsequently 
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infiltrate the building ventilation system and to which the workers in that office are 
constantly exposed.   
In addition, for those 18 printers shown by t-test to contribute significantly to the 
office background PNC, the eight-hour time-weighted average (TWA) printer particle 
exposure has been calculated for office workers whose computer work station places 
them at one meter from the printer during their working day, and are summarized in 
column six of Table 1.  This value reflects the printer particle exposure that was 
additional to the local background particle exposure for the office workers.  Although 
the measured values are not personal exposure measurements, the location of the 
measurement instruments to replicate a seated worker at the computer work stations 
give a reliable estimate of the maximum average exposure.  
From Table 1 it can be seen that 16 of the eight-hour TWA printer particle 
exposures were less than 20% of the local background particle exposure, two were 
28% (printers LJ5B and LJ21), and one was 175% (printer LJ5A).  However it is 
clear that such results are relative to the local background particle concentration for 
that office area. This is illustrated in the following example.   
From Table 1 the eight-hour TWA printer particle exposure arising from printer 
LJ5A was calculated as 4.0 x 103 particles cm-3, and the eight-hour TWA local 
background particle exposure as 2.2 x 103 particles cm-3, leading to a conclusion that 
printer particle exposure was greater than the local background particle exposure.  
However, had printer LJ5A been operated in an office with a higher eight-hour TWA 
local background particle exposure, for example the office for Printer LJ8 where the 
eight-hour TWA local background particle exposure was 8.0 x 103 particles cm-3, the 
conclusion would have been that eight-hour TWA printer particle exposure was less 
than the eight-hour TWA local background particle exposure.     
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Table 1. Summary of data used for evaluating peak particle exposure and 30 minute short-term exposure. 
Printer 
ID 
Total Number 
of printing 
events for the 
8-hour office 
hours period 
Total number of 
printing events for 
which a peak particle 
expos-ure was > 15 % 
of back-ground PNCa 
Total time period, during 8-hr 
office hours period, for which 
PNC associated with print events 
was elevated above the local 
back-ground particle exposure 
[minutes] 
Total number of 
pages printed 
for the 8-hour 
office hours 
period 
8-hr TWA printer 
particle exposure 
at one meter from 
printer [particles 
cm-3] 
Highest peak 
particle exposure of 
all printing events 
[particles cm-3] 
Median of peak 
particle exposure for 
all printing events 
for the  office hours 
period 
[particles cm-3] 
8-hour TWA local 
background 
particle exposure b 
[particles cm-3] 
LJ1 3 2 1 8 5.1 x 101 7.1 x 103 4.8 x 103 3.0 x 103  
LJ2 15 8 9 47 6.8 x 101 6.9 x 103 3.3 x 103 3.9 x 103  
LJ3 9 Cannot distinguish printer events from background PNC 23 Cannot distinguish printer events from background PNC 4.0 x 103   
LJ4 3 3 2 5 2.4 x 102 9.9 x 104 d 2.3 x 104 1.7 x 103  
LJ5Ac 23 23 50 129 4.0 x 103 9.9 x 104 d 9.9 x 104 2.2 x 103  
LJ5Bc 48 48 40 101 1.6 x 103 9.9 x 104 d 9.9 x 104 5.8 x 103  
LJ6 8 7 5 18 e 3.3 x 103 2.3 x 103 2.2 x 103  
LJ7 11 3 2 28 e 5.5 x 103 4.3 x 103 6.5 x 103  
LJ8 33 21 21 85 8.1 x 101 1.2 x 104 9.7 x 103 8.0 x 103  
LJ9 39 37 25 116 8.2 x 101 8.6 x 104 1.4 x 104 4.0 x 103  
LJ10 39 21 22 168 4.1 x 102 7.5 x 103 6.0 x 103 4.8 x 103  
LJ11 45 30 32 143 7.3 x 101 9.9 x 104 d 1.4 x 104 3.4 x 103  
LJ12 13 11 10 73 6.3 x 102 1.9 x 104 7.5 x 103 4.9 x 103  
LJ13 12 7 8 23 4.3 x 101 7.5 x 103 4.0 x 103 3.6 x 103  
LJ14 10 8 4 16 e 1.6 x 104 5.8 x 103 4.1 x 103  
LJ15 36 36 33 92 2.1 x 102 2.1 x 104 1.1 x 104 6.1 x 103  
LJ16 11 7 12 63 1.5 x 102 3.8 x 104 2.2 x 104 4.0 x 103  
LJ17 16 22 18 97 6.1 x 102 9.9 x 104 d 5.1 x 104 3.6 x 103  
LJ18 10 9 7 14 e 6.5 x 103 2.7 x 103 2.5 x 103  
LJ19 26 11 18 59 1.3 x 102 1.9 x 104 9.1 x 103 4.0 x 103  
LJ20 25 13 22 133 2.8 x 101 6.7 x 104 3.0 x 104 7.6 x 103  
LJ21 20 16 43 122 3.0 x 103 6.4 x 104 2.8 x 104 1.0 x 104 
LJ22 24 16 17 55 e 1.7 x 104 1.2 x 104 1.0 x 104  
LJ23 15 10 18 38 e 1.7 x 104 1.4 x 104 1.2 x 104  
LJ24 19 15 18 42 3.6 x 102 5.1 x 104 2.2 x 104 8.4 x 103  
LJ25 8 8 5 39 3.4 x 102 9.9 x 104 d 9.9 x 104 4.8 x 103  
a see text in section 3.2 for explanation of the significance of the 15% value. b these values are the exposure to ultrafine particles arising from non-printer sources such as from vehicle emissions outdoor 
the building that subsequently infiltrate the building ventilation system and to which the workers in that office are constantly exposed. c this printer was measured on two separate days.    
d these values represent particle saturation for the CPC so real values are likely higher. e Not calculated as printer was shown by t-test to not contribute significantly to the office background PNC 
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Clearly, as indicated by the values in Table 1, the eight-hour TWA printer 
particle exposures are a small fraction of the eight-hour TWA local background 
particle exposure indicating that the majority of the average particle exposure 
experienced by workers in these offices came from sources other than printers, such 
as vehicle particle emissions infiltrating the building.    
8.4.4 Peak and 30 minute short-term exposure to particles arising from printer 
activities 
For the first time, to evaluate peak exposure to laser printer particles the guidance 
on general variability in the concentration of airborne substances, as described in the 
documents  Exposure Standards for Atmospheric Contaminants in the Occupational 
Environment Guidance Note [8] and the Threshold Limit Values for Chemical 
Substances and Physical Agents [9], has been utilized in keeping with the normal 
occupational hygiene approach to such evaluation.  Therefore, this novel approach in 
utilizing the guidance in the two documents listed above on excursions of airborne 
substances above reference concentrations, considers a printing process to not be under 
reasonable control if:  
 short term exposures exceed three times the eight-hour TWA local 
background particle exposure for more than a total of 30 minutes per 
eight-hour working day, or  
 a single short term value exceeds five times the eight-hour TWA local 
background particle exposure.   
To evaluate peak exposure to particles arising from the operation of laser 
printers, the data in column seven of Table 1 was calculated.   
It can be seen from column seven of Table 1 that a peak greater than the local 
background particle exposure was identified for most printing events.  The reason 
some printer particle emissions were not characterized is because (i) relatively high 
PNC background in some offices likely occluded the printer PNC, and (ii) particle 
emission from laser printers is variable, which has been shown by Morawska et [3] to 
occur. 
No printer particle exposure greater than three times the local background 
particle exposure for a period of ≥ 30 minutes was recorded for any printer.  The closest 
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printer particle exposure to this excursion guidance limit was for Printer LJ5A for 
which total printer particle exposure over the eight-hour office period was twice the 
local background particle exposure.   
 
From Table 1 it can been seen that 11 of the printers (LJ4, 5, 9, 11, 16, 17, 19, 
20, 21, 24, 25) caused peak particle exposures greater than five times the eight-hour 
TWA local background particle exposure .  This indicates that at one meter from these 
printers peak particle exposure was in excess of the excursion guidance.  In addition, 
eleven printers (LJ1, 2, 6, 8, 10, 12, 13, 14, 15,18, 23) contributed a peak particle 
exposure at between one and four times the eight-hour TWA local background particle 
exposure. Printer LJ7 was the only printer that contributed a peak particle exposure 
below the eight-hour TWA local background particle exposure, whilst the peak particle 
emission for printer LJ3 could not be distinguished from the local background particle 
exposure.   
8.4.5 Difference in spatial particle exposure at one and two meters from 
printers 
For five printer/offices, a time series of the PNC was plotted for the hours 
8.30am to 4.30pm at both 1 and 2 m from the printer and all peaks corresponding to 
printing episodes were identified.   
Figure 2 compares the PNC measured at two distances, 1 and 2 m from printer 
LJ24. The PNC at the time of each print event at both distances from the printer was 
higher than the background PNC between printing events.  Note that the measurements 
at 1 m were carried out with CPC 3025A, while those at 2 m were done with a P-Trak. 
The minimum and maximum measurement size ranges of the two instruments differ. 
Therefore a correction factor, FP-Trak, for the P-Trak PNC data was calculated (see 
Supporting Information Text S3 for description of calculation method).  
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Figure 2: Particle number concentration measured at printer LJ24, a high-emitter.  The 
P-Trak data are CTCP-Trak values.  The vertical dotted lines demarcate the time period 
used for calculating office hour particle exposure. 
Figure 2 clearly shows that the peak particle exposure at 1 m as measured with 
CPC 3025A was greater than that at two metres as measured with the P-Trak. The 
figure also shows a clear difference in the heights of the PNC peaks during the print 
episodes with the peak particle exposure at 1 m being up to an order of magnitude 
greater than at 2 m. The difference in particle number concentration was due to the 
distance.  
To determine if the PNC corresponding to each print event was statistically 
different to the local background particle exposure, the beginning and end points of 
each PNC printing peak was identified. Table S2 (Supporting Information) provides 
the p-value results for the t-test of any differences between 1) the mean PNC including 
printer particles, and 2) the mean PNC with printer PNC subtracted,  at both one and 
two meters from five printers.  The corrected P-Trak values, CTCP-Trak have been 
used to inform these differences in spatial PNC associated with printing.   
 
Of these five printers, three (LJ5B, LJ21, LJ24) showed a statistically significant 
increase in particle exposure associated with printing over the local background 
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particle exposure, at both 1 and 2 m indicating that at both distances from the printer 
the printer particle exposure was greater than the local background particle exposure.  
For Printer LJ22 the printer particle exposure, at both one and two meters, was not 
statistically significant and this result reflects the influence of the relatively high local 
background particle exposure for this office.   
For Printer LJ23, printer particle exposure was statistically significant at two 
meters but not at one meter.  The reason for this is likely due to the influence of local 
ventilation conditions that may have dispersed the particles predominantly to the 
position of the P-trak at two meter location in contrast to the CPC 3025 at the 1 m 
location.   
The printer particle exposure is lower at 2 m than at 1 m (p-value <0.01) for 
printers LJ 21, 22, and 24 reflecting the spatial change over the 1 m distance.  However, 
for printer LJ5B the printer particle exposure at 2 m is higher (p-value <0.01) than at 
1 m.  This is because printer LJ5B emitted high particle concentrations resulting in the 
CPC 3025A located at a distance of 1 m experiencing particle saturation at 1.0 x 105 
particles cm-3 for nearly every printing event, whilst the P-Trak located at the 2 m 
distance registered higher PNC associated with the same printing events because of its 
higher particle saturation point.  This also indicates that the printer particle exposure 
associated with printing at 1 m was likely to be much higher than that recorded by the 
CPC 3025A.  
8.4.6 Utility of hand-held instruments to characterize the particles 
In order to assess the utility of hand-held particle instruments in characterize 
particle number, mass, and size across the submicrometre and supermicrometre range, 
the PNC emission for two printers, coded as printers LJ27 and LJ28, were measured 
simultaneously using an Optical Particle Counter (OPC), P-Trak, and DustTrak.  
Figure S3 (see Supporting Information) illustrates the real-time PNC size response for 
printer LJ28 in the particle bin sizes of 20 to 1000 nm (as measured by the P-Trak), 
300 to 500 nm and > 500 nm (as measured by the OPC).  PNC > 300 nm was extremely 
low and not associated with print events, whilst PNC recorded by the P-Trak was four 
orders of magnitude higher and associated with print events.   This indicates the 
predominant particle size associated with printing is less than 300 nm and concurs with 
the findings of Morawska et al [3] who concluded the particle size range associated 
with printing was within the ultrafine particle size range. 
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This finding of insignificant particle size in the supermicrometre size range is 
supported by Figures 1 and 2 which show typical printer PM2.5 values do not differ 
significantly from background and are not associated with print jobs.  The findings 
also indicate a hand-held P-Trak (or similar CPC) can be used to characterize particle 
emission arising from the operation of laser printers. 
8.4.7 Effect of type of printing upon particle number concentration 
To determine if the variation in the peak printer emission can be explained using 
selected explanatory variables an analysis of covariance (ANCOVA) model was 
conducted (See Supporting Information Text S4 for further description of the 
ANCOVA method).  
Color was the only significant variable found to explain the variation in peaks of 
printer emissions based on the ANCOVA, with the color printing modes associated 
with higher PNC than black printing. All other variables, and the interactions between 
these variables, were also tested for their impact on PNC values. The ANCOVA 
showed them to be insignificant and thus not useful in explaining the variation on 
maximum PNC value. 
This indicates that the factors contributing to particle emission from printers are 
more complex than these variables and supports the conclusions from Morawska et al 
[3] that the causes are complex in nature. Qualitative analysis of the PNC associated 
with color printing for the two printers with color printing ability revealed peak PNC 
> than 1.0 x 105 particles cm-3 for each color print event.  
8.5 DISCUSSION 
The results of the experiments conducted upon 28 printers classified as particle 
emitters and located in open plan work areas of the five buildings will now be 
combined to address the key questions related to the exposure of office workers to 
ultrafine particles.  
 
8.5.1 What are the sources of particle exposure to office workers within office 
environments? 
The measurement data clearly showed office workers are continually exposed to 
a background PNC within their office environment, predominantly within the ultrafine 
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size range.  All eight-hour time-weight average (TWA) printer particle exposures 
except one were below the eight-hour TWA local background particle exposure for 
each office area, indicating that the majority of the average ultrafine exposure 
experienced by workers in these offices over the course of a working day came from 
sources other than printers, such as vehicle emissions infiltrating the building.  
The study identified that not all printers were sources of particle emission in 
concentrations significantly greater than background.  Morawska et al [3] concluded 
that the difference between a high and low emitting printer lies in the speed and 
sophistication of the temperature control.  However during the course of a working 
day, some printers are sources of peak particle exposure at both one and two meters 
from the printers in concentrations statistically greater than the background, with the 
total printer particle exposure directly influenced by the duration and frequency of 
printer events and the position of the printer relative to occupied work stations.   
8.5.2 What impact does local ventilation have upon laser printer particle 
exposure? 
The ventilation provided by HVAC systems was found to have delayed influence 
on diluting the PNC arising from printer emissions, except in one case where an 
unusually high air velocity at the face of an inlet grill directed toward a printer had an 
immediate effect.  However because the typical grill face velocity range is in the range 
of 0.2 to 0.5 m/s and are usually many metres above the printer, there is general lack 
of immediate ventilation influence on the particles.  This is not surprising as HVAC 
systems are designed to provide a gradual replacement of office air with filtered air 
and are not designed as mechanical dilution ventilation systems.  The release of 
artificial smoke revealed particles were found to disperse upwards from the printers 
and to fan out in fairly uniform pattern in all directions from the printer and to disperse 
from sight over the distance of approximately 1 to 2 m, reflecting dilution within the 
air volume of the office area.  
 
The exception to this was with Printer LJ20 where the release of smoke at the 
printer resulted in immediate movement in a direction away from the inlet grill.   The 
configuration of the office in which printer LJ20 was located was such that the 
occupied computer work station was located between the printer and the unusually 
high velocity inlet ventilation grill, with the inlet grill approximately two meters on 
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one side of the computer work station, and the printer approximately one meter from 
and on the opposite side of the computer work station.  For this printer a P-Trak was 
positioned for several hours at 0.1 m from the paper exit tray of the printer, and the 
CPC 3025 at the computer workstation (one meter from the printer), both in a straight 
line with the inlet grill.  The result indicates that whilst a PNC of up to almost 7.0 x 
104 particles cm-3 was generated during printing events, the particles were not 
transported to the computer work station 1 m from the printer and “upwind” from the 
printer.  The results of these simultaneous real time measurements are graphed in 
Figure S4 (Supporting Information). 
8.5.3 What criteria should be used in controlling particle laser printer particle 
exposure? 
Although little direct toxicological data exists regarding ultrafine particles 
associated with laser printer operation, there is a wide body of literature regarding the 
link between ultrafine particles in general and cardiovascular and respiratory health 
effects [10, 11].  Health based arguments for controlling the local background particle 
exposure of office workers in addition to particle exposure arising from the operation 
of laser printers are contained within the scientific literature [12, 13].  Therefore 
consistent with a precautionary approach, exposure to ultrafine particles in general and 
those arising from the operation of laser printers should be controlled.    
We propose that peak particle exposure relative to five times the local particle 
background exposure be used to guide particle exposure control decisions.  Average 
printer particle exposure is not useful for the reasons provided in section 4.1.  
Airborne particles are abundant within the environment and arise from both 
natural and anthropogenic sources.  Therefore our finding of a constant non-printer 
local background particle exposure to office workers is therefore not surprising.   
 
However, an important finding from our measurement data is the order of 
magnitude difference in such background particle exposure amongst the 5 office 
locations.   
Options for establishing a particle reference value that will guide exposure 
control decisions include establishing a single particle reference value based upon the 
office eight-hour TWA local background particle exposures using (i) the median value 
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of a representative sample of office locations; or (ii) the value from each individual 
office.  
Common to both these options is the need to ensure the operation of the office 
ventilation system consistently achieves the target local background particle exposure.  
This will achieve two things. One, ensuring local background particle exposure of 
occupants of all office workplaces is consistent, minimized, and given equal priority 
to that of particle printer emission; and two, providing a stable background particle 
concentration upon which to evaluate printer particle emission.   
Option (i) involves adopting peak particle reference values limiting  exposure at 
the occupied work stations to below a peak particle exposure concentration of 2.0 x 
104 particles cm-3, and 1.2 x 104 particles cm-3 as averaged over any 30-minute period.  
This proposal is based upon three concepts: 
1. the guidance on general variability in the concentration of airborne 
substances, as described in the document  Exposure Standards for 
Atmospheric Contaminants in the Occupational Environment Guidance 
Note [8], which can be interpreted such that printer particle exposure 
controls may be required in the following circumstances:  
o Where the 30 minute short-term printer particle exposures exceed 
three times a particle reference value for more than a total of 30 
minutes per eight-hour working day, and/or  
o where a single peak value exceeds five times a particle reference 
value.    
2. A particle reference value of 4.0 x 103 particles cm-3, which is the median 
value of the local background particle exposures estimated for the 25 office 
environments included in this study.   As such this is not a health based 
standard but rather reasonably precautionary guidance based upon the 
typical office (non-printer related) background particle exposures. 
3. The absence of a universal particle reference value or National Exposure 
Standard for nanoparticles arising from the operation of laser printers.  
Option (ii) involves adopting a particle reference value for each office, based 
upon the local background non-printer particle exposure for each office, and 
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implementing exposure controls in accordance with the guidance on general variability 
in the concentration of airborne substances [8] outlined above.   
As both these options require particle measurement to be conducted a third 
option is to skip measurement and implement exposure controls as outlined below. 
8.5.4 What particle exposure control options could be used? 
In line with a precautionary approach, where the particle reference values are 
exceeded or likely to be exceeded, the following exposure control options are 
available: (a) Replace the laser printer with a lower emitting printer such that exposure 
at the occupied work stations is below the excursion criteria; (b) Move the printer such 
that distance, frequency of exposure, and/or local ventilation conditions dilute the 
printer particles before they reach a PNC at the occupied work station in excess of the 
excursion criteria.  Examples of such include: Locating the printer in proximity to a 
ventilation inlet or outlet grill.  The release of artificial smoke can aid in visualizing 
local air movement.  Note the potential movement of the printer should not then result 
in printer particles increasing exposure to occupants of other work stations; reducing 
the number of laser printers located amongst work stations and locating remaining 
laser printers in a dedicated printer room, or an area of the office a sufficient distance 
away from occupied work stations.  Ideally the local ventilation to either of these areas 
should have a higher flow rate so as to provide a greater fresh air velocity to the area 
compared to the rest of the office.  Printer manufacturers also have a role to produce 
new generations of printers with negligible particle emissions.  
8.5.5 What instrumentation can be used to characterize particle exposure? 
The study showed that the airborne particle size within the offices was 
predominantly < 300nm.  This finding is supported by that of Morawska et al [3] who 
concluded that the initial count median diameter of submicrometre particles during a 
print run was approximately 63 nm, which gradually decreased to approximately 28 
nm.  Comparison of the data in columns one and two of Table 1 shows that 79% of 
print events where characterized by both the use of a CPC and the measurement 
method utilized.  Therefore the use of a CPC that has a lower particle measurement 
range of ≤20 nm can be used to characterize laser printer particle exposure within 
office environments.  Spatial variations in particle exposure should be accounted for 
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by ensuring measurements are conducted at worker breathing zone height and location 
when seated at work stations.  
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8.7 SUPPORTING INFORMATION 
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Figure S1:  Particle number and mass concentration measured from printer LJ2 
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which was classified as a low-emitter.  The vertical dotted lines demarcate the time 
period used for calculating office hour particle exposure.   
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Figure S2: Comparison of indoor and outdoor particle number concentration for a 24 
hour period. 
 
Supporting Information Text S1 
The beginning time of the printing peak was identified by the sharp and sudden 
rise from background in the PNC associated with each print episode.  In general, the 
measured PNC increased to its maximum value within five seconds and then decreased 
slowly over a period that ranged from about one to four minutes.  
For some printers there was no obvious peak in PNC on the real-time data graph 
associated with the print times recorded on the log sheet. Therefore in order to capture 
all peak PNC associated with printing events, increases in PNC of 15% or more than 
the background immediately preceding the recorded printing time were counted as 
contributing to the total printing PNC. A time series sample was taken for five printers 
and the ratio of one standard deviation of the background PNC to the average of the 
background PNC was calculated. This ratio, the coefficient of variation, was found to 
be consistently 0.05 (or 5%) for these printers. This shows that the variability of these 
five printers is similar. Furthermore, increases of 15% or more are outdoor three 
standard deviations of the mean for the printers, indicating that less than 1% of CPC 
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measurements not relating to printing will be included as being related to printing jobs 
(assuming background PNC is normally distributed). 
 
The end of the printing peak PNC was determined visually as the time at which 
the PNC first attained an approximate steady value over several seconds or when it 
drew level with the previous background value, whichever came first.  
The determination of this end point, naturally, involved some uncertainty. In 
order to quantify this procedure, a time series sample with five print jobs was selected. 
For each of these printer PNC peaks, the end point cut-off was defined as the time at 
which the printer-induced PNC fell back to 2% of its pre-peak value.  The average 
PNC values for (i) the entire data set and (ii) the data set excluding the printer PNC 
peak values, defined by the 2% cut-off, were calculated. These values were found to 
be very close, well-within 1%, of the corresponding values calculated from the manual 
identification method described in the previous paragraph. As such, the manual 
method was adapted for all the data analysed. 
Supporting Information Text S2 
For the Student t-test the CPC data was log transformed to ensure the normality 
assumption of the test was valid. The t-test is such that unequal variance between the 
two samples is assumed. The t-test assumes independence between samples whereas 
in this case the CPC data not associated with printing is found in both samples. A 
two sided t-test was conducted i.e. 
peaksnoallH _0 :    
peaksnoallH _1 :   . 
 
At the 5% significance level, those printers with p-values < 5% from the 
associated t-tests are deemed to have significantly contributed to the office 
background. 
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Table S1: Average PNC at one metre from printers with and without print 
 PNC and associated p-values, plus 8-hr TWA printer particle exposure  
Calculations 
Printer 
identification 
code 
 
t-test 
p-
values 
Average total office 
hours PNC 
including particle 
contribution from 
printing events 
[particles cm-3] 
Average office hours 
PNC with printer 
PNC subtracted  (= 
office hours 8-hr 
local background 
particle exposure) 
[particles cm-3] 
Sample period  
LJ1 0.01 3.1 x 103  3.0 x 103  08:30-16:30 
LJ2 <0.01 4.0 x 103  3.9 x 103  08:30-16:30 
LJ3 0.99 4.0 x 103  4.0 x 103  08:36-16:30 
LJ4 <0.01 1.9 x 103  1.7 x 103  08:30-16:25 
LJ5A* <0.01 6.3 x 103  2.2 x 103  08:30-16:36 
LJ5B* <0.01 7.6 x 103  5.8 x 103  08:30-15:59 
LJ6 0.60 2.2 x 103  2.2 x 103  08:30-16:27 
LJ7 0.93 6.5 x 103  6.5 x 103  08:30-15:59 
LJ8 <0.01 8.1 x 103  8.0 x 103  08:30-16:18 
LJ9 <0.01 4.1 x 103  4.0 x 103  08:30-15:42 
LJ10 <0.01 5.2 x 103  4.8 x 103  08:30-16:27 
LJ11 <0.01 3.5 x 103  3.4 x 103  08:30-16:05 
LJ12 <0.01 5.5 x 103  4.9 x 103  08:30-16:30 
LJ13 <0.01 3.6 x 103  3.6 x 103  08:30-12:43 
LJ14 0.49 4.1 x 103  4.1 x 103  08:30-16:32 
LJ15 <0.01 6.3 x 103  6.1 x 103  08:30-16:30 
LJ16 <0.01 4.2 x 103  4.0 x 103  08:30-16:30 
LJ17 <0.01 4.2 x 103  3.6 x 103  08:30-16:29 
LJ18 0.14 2.5 x 103  2.5 x 103  08:38-16:30 
LJ19 <0.01 4.2 x 103  4.0 x 103  08:30-16:30 
LJ20 <0.01 7.6 x 103  7.6 x 103  13:14-15:32 
LJ21 <0.01 1.3 x 104  1.0 x 104 08:30-16:29 
LJ22 0.29 1.0 x 104  1.0 x 104  08:30-15:48 
LJ23 0.94 1.2 x 104  1.2 x 104  08:30-15:45 
LJ24 <0.01 8.8 x 103  8.4 x 103  08:31-15:52 
LJ25 <0.01 5.2 x 103  4.8 x 103  08:30 -16:27 
 
Supporting Information Text S3 
 
3025CPC
TrakP
TrakP
TC
TC
F        Eq.2 
 
where FP-Trak is the correction factor for the P-Trak, and TCP-Trak and TCCPC3025 are 
the total number concentrations measured by the P-Trak and CPC 3025, respectively, 
during selected periods for the printer emission measurements.  
 
The corrected measurements for the P-Trak readings were then calculated as: 
 
TrakP
TrakP
TrakP
F
TC
CTC


      Eq.3 
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where, CTCP-Trak is the corrected total number concentration P-Trak data.  
 
A FP-Trak correction factor of 0.78 was calculated for the P-Trak using ambient 
particle concentration time series data with both CPC’s operated simultaneously and 
side by side. All P-Trak data is presented as the CTCP-Trak. 
 
Table S2: Average PNC at 1 and 2 metres from printers with and without print PNC, 
and t-test p-values 
 
 
Printer 
identification 
code 
 
One metre Two metres Sample 
period t-test p- 
values (of 
columns 
3 & 4)  
Average 
total office 
hours PNC 
including 
printer 
PNC values 
[particles 
cm
-3
] 
Average PNC 
with printer 
PNC values 
subtracted 
[=local 
background 
particle 
exposure] 
[particles cm
-
3
] 
t-test p- 
values 
(of 
columns 
6 & 7) 
Average 
PNC 
including 
printer 
PNC 
values 
[particles 
cm
-3
] 
Average PNC 
with printer 
PNC values 
subtracted 
[=local 
background 
particle 
exposure] 
[particles cm
-3
] 
Printer LJ5B <0.01 7.6 x 10
3
 5.8 x 10
3
 <0.01 8.5 x 10
3
 5.4 x 10
3
 8:30 – 15:59 
Printer LJ21 <0.01 1.3 x 10
4
 1.0 x 10
4
 <0.01 1.2 x 10
4
 1.0 x 10
4
 8:30 – 16:22 
Printer LJ22 0.29 1.0 x 10
4
 1.0 x 10
4
 0.12 9.9 x 10
3
 9.9 x 10
3
 8:30 – 15:48 
Printer LJ23 0.94 1.2 x 10
4
 1.2 x 10
4
 <0.01 1.2 x 10
4
 1.1 x 10
4
 8:30 – 15:46 
Printer LJ24 <0.01 8.8 x 10
3
 8.4 x 10
3
 <0.01 8.6 x 10
3
 8.5 x 10
3
 8:30 – 15:52 
The slight difference in background PNC at one and two metres likely reflects the spatial influence of the office 
ventilation system between printing events.  However the temporal differences associated with printing events at both 
one and two metres are statistically significant reflecting the strength of the printers as sources of particles compared 
to other office particle sources.  
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Figure S3: Supermicrometre and submicrometre particle number concentration.  The 
PNC > 300nm recorded by the OPC does not change in response to recorded printing 
events in contrast to the PNC < 300nm as recorded by the P-Trak.  The higher PNC > 
300nm for period prior to 8.30am reflects the ventilation system starting up for the day 
and automatically venting the room with outdoor air.   
 
Supporting Information Text S4 
 
The dataset consisted of variables associated with emissions during printing 
jobs. The six variables used were: 
Peak – the maximum PNC value from the printing job. 
Printer – which of the 25 sampled printers the peak is associated with. 
Type – whether the printer is classified as a high, medium or low emitter. 
Color – whether the print job was color or black and white. 
Sided – whether the print job was single or double sided. 
Pages – the number of pages in the print job. 
 Printer LJ28
0.0E+00
5.0E+03
1.0E+04
1.5E+04
2.0E+04
2.5E+04
7:30 8:00 8:30 9:00
Time
P
a
rt
ic
le
 N
u
m
b
e
r 
C
o
n
c
e
n
tr
a
ti
o
n
  
P
-T
ra
k
 (
p
 c
m
-3
)
0.0E+00
5.0E-01
1.0E+00
1.5E+00
2.0E+00
2.5E+00
3.0E+00
3.5E+00
4.0E+00
4.5E+00
5.0E+00
P
a
rt
ic
le
 N
u
m
b
e
r 
C
o
n
c
e
n
tr
a
ti
o
n
 O
P
C
 (
p
 c
m
-3
)
P-Trak < 300nm OPC >500nm OPC >300 to 500nm
OPC
>500nm
= printing
  
Chapter 8: Exposure to particles from laser printers operating in office workplaces 244 
 
Figure S4: Influence of office local ventilation upon the movement of printer particles. 
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9.1 ABSTRACT 
  The overall aim of our research was to characterise airborne particles from 
selected nanotechnology processes and to utilise the data to develop and test quantitative 
particle concentration based criteria that can be used to trigger an assessment of particle 
emission controls.   
We investigated particle number concentration (PNC), particle mass (PM) concentration, 
count median diameter (CMD), alveolar deposited surface area, elemental composition, and 
morphology from sampling of aerosols arising from six nanotechnology processes. These 
included fibrous and non-fibrous particles, including carbon nanotubes (CNTs).   
 We adopted standard occupational hygiene principles in relation to controlling peak 
emission and exposures, as outlined by both Safe Work Australia [1], and the American 
Conference of Governmental Industrial Hygienists [2].  The results from the study were used 
to analyse peak and 30-minute averaged particle number and mass concentration values 
measured during the operation of the nanotechnology processes.   
 Analysis of peak (highest value recorded) and 30-minute averaged particle number and 
mass concentration values revealed:  Peak PNC20-1000nm emitted from the nanotechnology 
processes were up to three orders of magnitude greater than the local background particle 
concentration (LBPC).  Peak PNC300-3000nm was up to an order of magnitude greater, and PM2.5 
concentrations up to four orders of magnitude greater.   For three of these nanotechnology 
processes, the 30-minute average particle number and mass concentrations were also 
significantly different from the LBPC (p-value < 0.001).   
  We propose emission or exposure controls may need to be implemented or 
modified, or further assessment of the controls be undertaken,  if concentrations exceed three 
times the LBPC, which is also used as the local particle reference value, for more than a total 
of 30 minutes during a work day, and/or if a single short-term measurement exceeds five times 
the local particle reference value.  The use of these quantitative criteria, which we are terming 
the universal excursion guidance criteria, will account for the typical variation in LBPC and 
inaccuracy of instruments, whilst being precautionary enough to highlight peaks in particle 
concentration likely to be associated with particle emission from the nanotechnology process.  
Recommendations on when to utilise local excursion guidance criteria are also provided. 
Keywords: excursion guidance criteria, engineered nanoparticle, nanotechnology, particle 
measurement, tiered assessment, local background particle concentration. 
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9.2 INTRODUCTION 
Characterisation of aerosols in terms of particle size, number and mass concentration, 
surface area, morphology, and chemical composition has been conducted by environmental 
and occupational aerosol scientists for many decades and is the subject of a wide body of 
scientific literature.  Coinciding with the increased penetration of nanotechnology across many 
sectors of the world-wide economy, there has been a corresponding increase in scientific 
literature over the last decade on the subject of characterising emission of, and exposure to, 
particles arising from nanotechnology processes.  
There is strong agreement in the literature [3-5] that mass, or at least mass on its own, is 
not an adequate metric for evaluating exposure to nanoparticles (a nano-object with all three 
external dimensions in the nanoscale size range of approximately 1 to 100 nm [6]).  
Nanoparticle properties such as surface area and activity [3, 4, 7, 8], particle number 
concentration [4, 7], or fibre aspect ratio and length [7], are considered to be better metrics of 
exposure than mass.  However, no single sampling method is available for measuring all of 
these nanoparticle traits in terms of workplace exposure and evaluation of effectiveness of 
emission controls.   
To identify the wide array of aerosol measurement methodologies used to assess particle 
emission from nanotechnology processes, we reviewed 25 studies as outlined and referenced 
in the Supplemental Information - Table SI.   
The review highlighted a mixture of relatively simple, as well as complex particle 
measurement techniques, both real-time and off-line, are commonly used. Most common in 
these studies was the characterisation of particle number and mass concentration, mostly as 
area sampling in contrast to personal sampling (sampling in a zone approximately 300 mm 
from mouth/nose).  It is evident from the variety of methods described in the literature that 
consensus has not yet been reached regarding which particle metric/s and sampling methods 
should be used to characterise aerosols arising from nanotechnology processes.  This is partly 
because it has not been agreed how these particle metrics reflect disease risk.  A similar review 
of measurement methods was conducted by Kuhlbusch et al. [9].  
Whilst the results of different measurement methods provide useful information about an 
aerosol, they differ markedly in complexity, precision, accuracy, and cost.   The literature also 
reflects an over-emphasis on attempts to demarcate only the sub-100 nm (i.e. nanoparticle) 
fraction of aerosols, adding complexities to measurement methods.  The use of the size range 
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of less than 100 nm is simplistic and arbitrary when discussing health effects or emission 
characteristics of particles because (i) particles are never monodisperse [10], unless they are 
purposely generated as such and have not agglomerated, and (ii) there are no instruments which 
provide exclusive measurement of particle size below 100 nm, however this size fraction can 
be extracted from the particle measurements obtained using a scanning mobility particle sizer 
(SMPS).  The “less than 100 nm” size range is useful when defining engineered nanomaterials 
because the novel and differentiating properties [of nanoparticles] are developed at a crucial 
length scale of typically under 100 nm [11, 12].  However, this definition is not particularly 
useful for assessment of nanoparticle emission because particles are unlikely to persist in their 
initial particle size, but rather will agglomerate or aggregate into larger sized particles over 
time, including into the micrometre size range [4, 11, 13].   
Given the present lack of dose response associations for many nanoparticle types and the 
scarcity of human exposure and toxicological data, the concept of having a single exposure 
standard for engineered nanoparticles based purely on a physical nanoparticle property would 
seem unrealistic.  This would exclude the often interacting and heterogeneous factors (material, 
size, shape, surface reactivity, chemical composition) which contribute to their special 
functions as nanomaterials.   
To date, only a small number of airborne concentration exposure standards have been 
established or proposed for engineered nanoparticles.  A hierarchy of what we are terming 
particle control values (PCVs), which are currently used or have been proposed for assessing 
the significance of particle emission and exposure, in decreasing order of preference is: 
1. A company or laboratory in house control limit - where these are lower (i.e. more 
stringent), than applicable regulatory limits.  For example, Multi-Walled Carbon 
Nanotubes – 0.05 mg m-3 [14] 
2. National workplace exposure standards. For example, carbon black (3 mg m-3 [15]) 
and fumed silica (2 mg m-3 [15]) 
3. Recommended Exposure Limits. For example, ultrafine TiO2 (0.3 mg m-3 [16]), and 
fine TiO2 (2.4 mg m
-3 [16])   
4. Proposed workplace exposure limits – from research results. For example, TiO2 (0.6 
mg m-3 [17]), fullerenes C60 ( 0.39 mg m-3 [17]), carbon nanotubes (CNTs) (0.03 
mg m-3 [17], 0.001 mg m-3 [18])  
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5. Benchmark exposure levels (BEL) – which have some consideration of health 
effects.  For example, fibrous nanomaterials : BEL = 0.01 fibres/ml [19]; 
nanomaterials classified as Carcinogenic, Mutagenic, Asthmagenic, or Reproductive 
Toxins (CMAR): BEL = 0.1 x Workplace Exposure Limit (WEL) of the bulk 
material [19]; insoluble nanomaterials: BEL = 0.066 x WEL of the bulk material 
[19]; soluble nanomaterials: BEL = 0.5 x WEL of the bulk material [19] 
6. Local particle reference values.  For example, derived from characterising 
background particle number and mass concentrations [20, 21]. 
It can be concluded from the above that there are relatively few PCVs currently 
established or proposed for nanomaterials, and these are all eight to ten-hour time-weighted 
average (TWA) standards.  In addition, with the exception of local particle reference values, 
they are exposure (in contrast to emission) limits, mass based (except for the fibrous 
nanomaterial BEL), and require sampling for off-line analysis.  However, also required is 
guidance on when excursion above these averages for shorter periods require control, such as 
Peak or Short Term Exposure Limits (STELs).  This is particularly relevant for nanotechnology 
processes of short duration and those with large variability in particle emission.   Such 
comparison of peak values to particle control values allows decisions to be made as to the 
acceptability of a process as a particle emitter to the workplace environment and whether 
further assessment of particle emission is required.   
The purpose for limiting some excursions of airborne contaminant exposures above time-
weighted average (TWA) exposure standard values within the occupational environment is 
explained by both Safe Work Australia [1], and the American Conference of Governmental 
Industrial Hygienists [2].  Although McGarry et al. [20, 21] described the use of excursion 
guidance criteria in relation to (nano)particle emission from laser printers, there is limited 
reference in the scientific literature to the use of excursion guidance criteria for assessment of 
engineered nanoparticle emissions.    
Debate in the scientific and occupational health community regarding which particle 
metric/s should underlie health based exposure standards is ongoing while 
equipment/instrumentation that allows breathing zone assessment of exposure of a wide range 
of possible health related particle characteristics remains in its developmental infancy.  Whilst 
waiting for this knowledge to mature, exposure should be controlled by assessing and 
controlling particle emission at its source.  Further, such assessment and control should not be 
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narrowly focussed at the nanoparticle size range, but rather a holistic approach that targets a 
larger range of particle sizes should be employed.  For such an approach to have utility at the 
workplace level any assessment must incorporate relatively inexpensive and easy to use 
instruments supported by criteria that inform decisions on when to control particle emission.   
To address this need, we measured a range of particle number and mass concentration 
values during the operation of nanotechnology processes relative to background concentration, 
and used this data to answer the following questions: (i) in the absence of quantitative exposure 
standards for most engineered nanomaterials, can background particle reference values be used 
as benchmarks to examine relative emission of, and exposure to, particles arising from a 
nanotechnology process? (ii) which particle metrics should be used at a workplace level to 
identify particle emission from a nanotechnology process? (iii) can excursion guidance criteria 
be used to inform decisions on when particle emission needs further assessment and/or control?  
9.3 METHODS 
Both real-time and off-line data was collected and analysed to characterise the emission 
and transport of particles associated with nanotechnology processes during the operation of six 
processes involving engineered nanoparticles.  Temporal and spatial particle data were 
collected at likely sources of particle emission, and where possible within proximity of the 
breathing zone of workers both during and between operation of the processes, so as to 
characterise particles arising from the nanotechnology process and background particle 
sources. 
9.3.1 Real-time sampling instrumentation and equipment 
Both real-time and off-line particle sampling was conducted.  However, for this paper, 
only the real-time particle number and mass concentration data has been used to evaluate the 
use of excursion guidance criteria.  This data was obtained using a: 
o TSI (United States) Model 8525 P-Trak, condensation particle counter 
(CPC), for PNC in particle size range of 0.02 - 1 µm 
o TSI Model AeroTrak 9306 optical particle counter (OPC) for PNC in six 
channels, over the particle size range of 0.3 µm to 10 µm, and  
o TSI Model 8520 photometer (DustTrak) for particle mass concentration - 
fitted with a 2.5 µm impactor (PM2.5).   
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A summary of the other data and sampling and analytical methods is included in 
Supplemental Information - Table SII.  Further analysis and reporting of other data will be the 
subject of future work.  To ensure the comparability of the instruments, they were periodically 
co-located and sampled in outdoor air and the values compared to our dataset for this ambient 
environment. 
Mass concentration was not measured directly (gravimetrically) in this study. It was 
inferred via the signal provided by a photometer. However, the response of a photometer to 
aerosols in these processes was sensitive enough to provide an indication of mass 
concentration. 
9.3.2 Selection of nanotechnology processes 
The nanotechnology processes were selected following an expression of interest amongst 
relevant faculties at two universities in Brisbane, Australia.  The expression of interest included 
the need for a range of different nanomaterials, including both fibrous and non-fibrous 
materials.  The six processes selected, including laboratory research and commercial processes, 
were: 
o Process 1: Hand mixing of  functionalised titanium dioxide with other 
chemicals (Process 1A), followed by heating and homogenising (Process 
1B) the mixture in an extruder to produce pellets that could then be used 
to blow photo-degradable thin film for use in agriculture.   
o Process 2: Fine, functionalised clay platelets and polyurethane plastic 
beads were simultaneously added to an extrusion machine, designed to 
homogenise and heat the mixture so as to form a clay-polyurethane 
nanocomposite material. 
o Process 3: A university laboratory process investigating electron transfer 
and nanotechnology to solar cells.  Nanocrystalline titanium dioxide 
(TiO2) (99% Anatase) was manually ground, using a mortar and pestle, 
and mixed with a diluted acidic solution.  The resultant TiO2 solution was 
added to a slide using a dropper.    
o Process 4: A university laboratory process involving jet-milling of a 
functionalised clay powder, followed by the cleaning of the equipment.  
This process is carried out in order to increase the particle surface area and 
the powder is used in Process 2 as described above.   
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o Process 5: Proprietary manufactured single walled (SW) and multi walled 
(MW) CNTs in solid form were repeatedly introduced to a chamber from 
which the resultant aerosols were analysed. 
o Process 6: Chemical Vapour Deposition manufacture of CNTs.  Process 
6A utilised a furnace for catalytic CNT synthesis, whilst Process 6B 
utilised a SabreTubeTM Bench Top Thermal Processing System. 
Because processes 1, 4, 5, and 6 involved distinct sub-processes, the measurement results 
were analysed as processes 1A, 1B, 4A, 4B, 5A, 5B, and 6A, 6B, respectively, resulting in nine 
distinct data sets.   
 
9.3.3 Study design 
The particle measurement instrumentation and equipment was located and operated as 
follows.  A P-Trak, OPC, and DustTrak were co-located on a tray and operated before and after 
the operation of each process in order to characterise the LBPC, and then within ~0.2 m of the 
likely point of emission for the period of operation of each process.   The duration of 
measurement of each process varied in accordance with the process operational plan on a 
particular day.   Particle concentration within the breathing zone of process operators was also 
measured where possible.  To assist in locating the aerosol inlets of the instrumentation, smoke 
tubes were used to identify the impact of local airflow to transport particles to the equipment.   
Process 5 involved decanting aliquots of proprietary manufactured dry SWCNT and 
MWCNT in powder form, a common laboratory task.  Because of the specific health concerns 
regarding CNTs, the experiment was carried out in a chamber.  This experiment involved 
constructing a sampling chamber from a polyethylene storage container with a volume of 
approximately 0.07 m3.  The aerosol inlets of the instrumentation sampled the inside of the 
chamber using black conductive rubber tubing connected separately to each instrument, located 
outside the chamber.   
To ensure the comparison of all measurement values was meaningful, each instrument 
was set to the same sampling interval where possible.  In addition, because the ability to resolve 
the peak concentration is influenced by the sampling frequency, it was set to shortest period 
possible for that instrument.  Therefore, the sampling frequency for the P-Trak, OPC, and 
DustTrak were all set at 5 seconds because this was the shortest sampling time possible for the 
OPC (shorter sampling times were however possible for the other instruments).   
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9.3.4 Data analysis 
To evaluate the contribution of particles from the nanotechnology process to the overall 
background particle number and mass concentration the following steps were followed.   
Firstly, for each nanotechnology process, a time series of PNC and PM2.5 concentration 
was plotted for the period prior to, during, and after operation of the process.  Secondly, 
arithmetic averages  (of the measurement results recorded by the instrument over the time 
series) were calculated, from grouped data of repeated measurements (repeated measurements 
were not done for Processes 5A, 5B, 6A, and 6B), for two periods - when the process was in, 
and prior to, operation.  Thirdly, a LBPC value was assigned for each process.  The LBPC is 
defined as the average of the local work area particle number or mass concentration that 
excludes any contribution of particles from the nanotechnology process.    This value is specific 
to each work environment and represents the ambient particle exposure not associated with the 
nanotechnology process.  It was calculated following repeated time-series of the particle 
number and mass concentration when the nanotechnology processes were not in operation.  
The number of repeated time-series for Processes 1A, 1B, 2, 3, and 4 were 2, 2, 3, 6, and 2, 
respectively.  Fourthly, the peak particle number and mass concentration value recorded during 
and before operation of each process was identified from the plots of the time-series data.  The 
manufacturer supplied particle concentration accuracy data for each instrument was applied 
when choosing a peak concentration value.  Finally, excursion guidance criteria were utilised 
to conclude whether assessment, or control or additional control of particle emissions was 
required, and where relevant, specific recommendations were made to persons in control of a 
process for improvements in particle emission control. 
9.4 RESULTS 
 For this paper, only the real-time particle number and mass concentration data has been 
used to evaluate the use of excursion guidance criteria. 
9.4.1 Time series of particle number and mass concentration 
Six time-series plots (Figures 1 and 2, and Supplemental Information - Figure S1) were 
selected to illustrate the variability in particle number and mass concentration, across a wide 
particle size range, associated with particles arising from different nanotechnology processes 
and background sources.    
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It can be seen from these Figures that peaks in particle number and mass concentration 
are associated with both the nanotechnology processes and background sources, and were 
clearly registered by the P-Trak, OPC, and DustTrak, respectively.    
The introduction of each aliquot of single-walled CNTs corresponds to peaks in both 
PNC300-3000nm and PM2.5, as illustrated in Figures 1a and 1b, respectively.  These were not 
evident in PNC20-1000nm associated with the aliquots.  This suggests that relative to the 
background, there are a significant number of particles emitted from the process in the larger 
size range whereas there is not a significant number in the smaller range.  Nearby welding, 
which occurred after the CNT measurements were completed, contributed significantly to the 
background particle concentration.  Therefore, to effectively utilise PCVs relative to LBPC, 
extraneous sources of nanoparticles must be removed prior to determining background 
concentrations.  
 
For the process shown in Figure 2, the time series was started prior to the initiation of 
events that were suspected to cause nanoparticle concentrations. Therefore, the first values 
shown on the left side of the figure represent LBPC values. It is evident the jet milling process 
is a strong source of particles when compared to the LBPC (i.e. when the process was not in 
operation).  In contrast, dismantling and cleaning the jet milling equipment was not a strong 
source of particles.  Note that the PNC20-1000nm was over two orders of magnitude greater than 
that of PNC > 300 nm, indicating the predominant size range of the particles emitted from the 
jet milling process is likely to be < 300 nm.  In addition, there was an expected similar trend 
for both the PNC > 300-1000nm and the PM2.5 concentration because of the overlap in the size 
range response of the OPC and DustTrak. 
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Figure 1(a) 
 
Figure 1(b) 
Figure 1 (a) (b): Particle number concentration (PNC) in particle size distribution 300 to 10000nm, with 
PNC 20 to 1000nm [Figure 1(a)] and PM2.5 concentration [Figure 1(b)] as recorded by co-located optical 
particle counter (OPC), CPC - P-Trak, and photometer (DustTrak) during and after introduction of solid 
carbon nanotubes (CNT’s) to a chamber.   
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Figure 2(a) 
 
Figure 2(b) 
Figure 2 (a) and (b): Particle number concentration (PNC) in particle size distribution 20 nm to 1000nm 
[Figure 2(a)], plus PNC300nm to 10000, and PM2.5 concentration [Figure 2(b)] as recorded by co-located CPC - 
P-Trak, optical particle counter (OPC), and photometer (DustTrak) during the jet milling of a modified 
clay product during the first jet milling event.  A = background concentration at 3 m from jet milling 
machine; B = source concentration located approximately 0.2 m from the point where an “o” ring connects 
the dust collection bag to the venturi outlet and at 90º to the right of the machine operator position; C = 
breathing zone of the jet milling machine operator approximately 0.5m from Jet Milling Machine; D = 
source concentration approximately 0.2m from where the vibrating inlet sleeve feeds the material into a 
venturi chamber.  PNC > 1000 nm was one p cm-3.  
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Comparison (Figure 2) of the PNC at locations B and D (both within ~0.2 m of particle 
emission points of the jet milling machine) to the breathing zone (location C) of the machine 
operator, revealed - (i) a spatial reduction in PNC of up to two orders of magnitude for < 300 
nm particles, and (ii) an approximately eight-fold reduction in > 300 nm particle concentration.   
There is a spatial reduction in PNC between the particle source and the operator breathing zone 
because the breathing zone (location C) is more distant from the jet milling machine and 
mechanical dilution ventilation is operating in the work area.  This incidental finding 
demonstrates the utility of the P-Trak and OPC in assessing and validating the effectiveness of 
mechanical dilution ventilation to disperse particles from the breathing zone of process 
operators.   
It is also evident from Supplemental Information - Figure S1 that both sub and 
supermicrometre particles were generated in significant quantities within chemical vapour 
deposition (CVD) chambers, and up to four orders of magnitude higher than the laboratory 
work area.  The three instruments were able to validate that both process enclosures and the 
fume extraction cabinet prevented particles escaping to the laboratory work area.    
9.4.2 Mean and peak particle concentration 
To explore the effect of background and nanotechnology process contribution to total 
particle concentration, the data from repeated measurements were grouped, and the arithmetic 
means calculated.  This allowed analysis of data that included and excluded particles from the 
nanotechnology processes.  The mean value, as described in the Methods section, that excludes 
particles from the nanotechnology process, has been termed the LBPC.  To analyse peaks in 
particle number and mass concentration associated with the nanotechnology process and 
background sources of particles, the peak values were identified from the plots of real-time 
data.   Table I provides a summary of these calculations.  
It can be seen from Table I that the LBPC in terms of particle number and mass 
concentration varied by up to two orders of magnitude amongst the process locations.  The 
LBPC also varied on a daily basis at the same location, for example, by an order of magnitude 
in PNC between processes 1A and 1B, both of which took place in sequence in the same room, 
but over different days.   Daily variance in background particle concentrations at the same 
location and between locations is not uncommon, and is associated with local sources of 
particles such as fresh traffic emissions, industrial emissions, and natural events and has been 
reported elsewhere in the literature [5, 22, 23].  McGarry et al., [20] reported the LBPC varied 
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by an order of magnitude amongst five different office locations within a central business 
district.    
The difference in the mean values of PNC20-1000nm (during process compared to LBPC) 
for processes 1A, 5A, and 5B were all were within one order of magnitude, and within only 
several hundred particles cm-3 in absolute terms.  For processes 4 and 6B the mean during the 
processes were an order of magnitude higher than the LBPC.  For processes 6A, the difference 
in absolute particle concentration was less than an order of magnitude.  
Likewise, for processes 1A, 1B, 2, and 3 the differences in the mean PM2.5 values (during 
process compared to LBPC) were within an order of magnitude of the LBPC, and all within 
only several μg m-3 in absolute terms.  For processes 5A and 5B, the absolute difference in 
particle concentration was also relatively low and within one order of magnitude.   For 
processes 4, 6A, and 6B the difference in the mean values (during process compared to LBPC) 
were an order of magnitude higher. 
For processes 5A, 5B, and 6B the mean PNC300-3000nm values (during process compared 
to LBPC) were all within an order of magnitude of the LBPC, and only within 10 particles cm-
3 in absolute terms For Process 6A the mean during the process was an order of magnitude 
higher than LBPC, and for Process 4 the difference was two orders of magnitude.   
Again from Table I, analysis of the peak particle concentrations associated with process 
operation relative to the LBPC, showed the peak value exceeded the LBPC by a factor of five 
or more as follows:   PNC20-1000nm  - six of nine processes, PNC300-3000nm - four of five processes, 
and PM2.5 - six of nine processes.  Simultaneous peaks in both PNC300-3000nm and PM2.5 were 
also evident for four of the five processes.   Apart from processes 5A and 5B, the peak particle 
concentrations during the operation of the processes were mostly greater by an order of 
magnitude than peak concentrations associated with LBPC (i.e. when process was not in 
operation).  
9.5 DISCUSSION 
Which particle metrics should be used at a workplace level to identify particle emission 
from a nanotechnology process? 
Particle number and mass concentration within the sub and supermicrometre size range 
consistently showed significant particle variation associated with the nanotechnology process 
when compared to background.   
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For example, from Table 1, significant peaks in PNC20-1000nm were evident for 
processes 1B, 2, 3, 4, 6A, and 6B.  Significant peaks in PNC300-3000nm were evident for 
processes 4, 5A, and 6A.   Significant peaks in particle mass concentration were evident for 
processes 1A, 1B, 2, 3, 4, 5A, 6A, and 6B.  In addition, correlated peaks in both PM2.5 and 
PNC300-3000nm were evident for processes 4, 5A, and 6A.   
This is further illustrated in the data from process 4, Figure 2, where a P-Trak, OPC, and 
DustTrak were utilised to characterise sources of particle leakage during operation of the jet-
milling machine.  The instruments were used at different locations as signified in the time-
series plots of the PNC and PM2.5 concentration illustrated in Figure 2.  As can be seen in this 
Figure the instruments were able to show (i) the emission aerosol dominated by submicrometre 
sized particles, (ii) the specific particle leakage point, in this case the “o” ring connecting the 
dust collection bag to the venturi outlet, and (3) that the “dismantling and cleaning” stage was 
not an emitter of particles when compared to the background.  Analysis of both the P-Trak and 
OPC data shows the submicrometre PNC was up to three orders of magnitude greater than that 
of the supermicrometre PNC, and the maximum particle size to be 1000nm (PNC in OPC bin 
sizes > 1000nm were all  1 p cm-3, which was similar to the background).  In addition, it is clear 
that there was good correlation between the OPC response and the DustTrak response.   
Clearly this aerosol emission was dominated by sub-1000 nm sized particles with the P-
Trak able to characterise these particles.  However the particle signature from the process also 
included particles within the 300 to 1000 nm size range as characterised by the OPC, and the 
correlating PM2.5 mass concentration as characterised by the DustTrak.  This finding of particle 
signatures incorporating sub and supermicrometre particles was common to our dataset as a 
whole.  It can be concluded that both sub and supermicrometre particles are emitted from these 
processes, particle signatures dominated by sub or supermicrometre particles are readily 
identifiable, and that concurrent characterisation of particle number and mass concentration are 
applicable for identifying particle emission.  
Therefore, we recommend particle number and mass concentration data be utilised in 
identifying if a nanotechnology process is a significant emitter of particles to the local 
environment.  Specifically this should include simultaneous measurement of the sub and 
supermicrometre particle size range.  Recommended instrumentation includes: 
o A portable CPC with a  particle measurement range that includes the 
ultrafine particle range (<100nm), for example a P-Trak 
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o An OPC with a particle measurement range of submicrometre to 10 µm 
o A photometer with a sensitivity over a size range that overlaps with the 
portable CPC and OPC, for example a DustTrak.  
Although the mass concentrations reported in this study were estimates based upon the 
signal provided by a photometer, the results indicate the photometer is sufficiently sensitive in 
the sub and supermicrometre range to be useful for characterising relative mass concentrations 
before and during process operation, and therefore relevant when using excursion guidance 
criteria to identify particle emission.   
The relative portability of these instruments allows for them to be moved easily and 
quickly so as to obtain temporal and spatial particle data.  Careful analysis of the data from 
each instrument, combined with an understanding of the overlap in particle response bands of 
the three instruments allows sound conclusions to be made about the dominant particle 
signature.  For example, a significant PNC in the range of 500 to 3000nm may correlate with 
significant PM2.5 concentration.  A significant PNC characterised by the P-Trak at same time 
as insignificant PNC characterised by the OPC would suggest a particle signature dominated 
by sub-300nm sized particles.  Subtracting OPC and CPC measurement results from one 
another is not recommended because of the fundamental differences in operating principles of 
both instruments.  
Particle number and mass concentration should be characterised as part of a Tier 1 and 2 
assessment process to screen whether emission from a process may require control or further 
assessment.  In contrast, where information is required on particle exposure in terms of mass 
or fibre concentration, agglomeration, aggregation, primary particles, fibre morphology, 
particle morphology and chemical composition, a Tier 3 assessment utilising sampling by more 
complex instruments and methods should be implemented.     
How can excursion guidance criteria, relative to background particle concentration, be 
used to inform decisions on when particle emission needs further assessment and/or control? 
Although the concept of characterising particle number and mass concentration during 
the operation of nanotechnology processes relative to background values is not unique to our 
study, and has been described as part of the United States National Institute of Occupational 
Safety and Health Nanoparticle Emission Assessment Technique (NEAT) [24, 25], we have 
extended this approach by incorporating the concept of excursion guidance criteria.   
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Both sub and supermicrometre particles are ubiquitous in the environment.  Therefore, 
excursion guidance criteria need to account for normal fluctuations in sources and levels of 
background particles.    Indeed, more than 99% of the total number concentration of particles 
in the ambient atmosphere are < 300 nm in size [5].  
The excursion guidance criteria values must be robust enough to account for the typical 
variation in LBPC, and be precautionary enough to capture peaks in particle concentration 
likely to be associated with the nanotechnology process.  For example, as indicated from Table 
I, LBPC can vary by two orders of magnitude from location to location and this reflects 
particles arising from both natural and anthropogenic sources.  It is also clear from Figure 1, 
that other sources of particles, such as nearby welding, contribute to the background particle 
concentration and can be a stronger source of particles than the process of interest.    
There are two sources of particles that workers can be exposed to as a result of processes 
involving engineered nanomaterials: (a) engineered nanomaterials emitted from the process, 
and (b) incidental nanoparticles, e.g. combustion particles, resulting from operation of the 
process equipment. Therefore, it is important that the typical variation in background particle 
concentration is also carefully and comprehensively characterised during the period when the 
process of interest is not in operation, and also where possible, with the process of interest in 
operation but with no nanomaterials being introduced.     
Excursion guidance criteria could be based upon the order of magnitude in difference 
between the LBPC and peaks in particle concentration associated with the process.  However, 
this would discount potentially relevant differences in absolute PNC.  For example, the 
differences in the means of PNC20-1000nm (during process compared to LBPC) for processes 1B, 
2, and 3 were less than one order of magnitude but the absolute differences were in range of 
tens of thousands of particles cm-3.      
The excursion guidance criteria values must also account for the particle concentration 
accuracy of the instruments.  Supplemental Information - Table SIII summarises the 
manufacturer specified instrument accuracy for three instruments.  It can be seen from this 
Table that for the P-Trak data, the peak excursion guidance criteria value will need to be at 
least 20% higher than the LBPC so as to account for potential instrument inaccuracy.   
Another factor the excursion guidance criteria must account for is the difference in 
response of instruments where the properties of the aerosol being studied differ significantly to 
that of the calibration particle.  The response of the instrument will vary where the properties 
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of the aerosol being studied differ significantly to that of the calibration particle. Real-time 
particle instruments are calibrated using specific aerosolised substances, for example NaCl, or 
Arizona road dust.  These particles have specific shape, solubility and hygroscopicity [26], and 
refractive indices [24].  
One option is to adopt universal excursion guidance criteria based upon the guidance 
principles on excursions of atmospheric contaminants within the occupational environment as 
outlined by both Safe Work Australia [1] and the American Conference of Governmental 
Industrial Hygienists [2].  Therefore, a nanotechnology process could be considered to require 
further assessment if:  
I. Short term exposures/emissions exceed three times the LBPC for more than a total 
of 30 minutes during a work day; and/or 
II. If a single short term value exceeds five times the LBPC. 
A second option is to utilise local excursion guidance criteria.  For example, if 
examination of the real-time particle concentrations for the period before process operation 
revealed peaks in particle concentration to be typically no greater that twice that of the LBPC, 
peak excursion guidance criteria of any single value greater than two times the local particle 
reference value could be used.  A clean-room environment where the air is subjected to high 
performance filtration would be an example of where local excursion criteria could be utilised. 
In cases with low background (e.g., clean-room like air), the critical ratio can be much 
lower than the ratios recommended above because of the greater control of extraneous particles. 
In the case where background concentrations are relatively high, the ratio of even three or five 
may be unacceptable.   One approach is to adopt a benchmark particle concentration level for 
contaminated areas such as that of the BSI [19] and IFA [27] – in this case, if the background 
concentration is > 20000 particles cm-3 as measured by CPC, then apply excursion criteria 
based on a background concentration of 20000 particles cm-3 as measured by a CPC. 
In the case of very toxic material the excursion guidance criteria may need to be much 
lower than permitted for less toxic materials.  When regulatory authorities propose exposure 
standards for nanomaterials, a Peak Limitation value should be assigned and/or specific 
excursion guidance criteria assigned relative to the 8-hour TWA exposure standard.   
Regardless of whether universal or local excursion guidance criteria are chosen, they 
must be able to account for typical fluctuations in the background particle concentration so as 
particle emission associated with the process of interest can be clearly identified.   
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To aid discussion on the use of relative difference in LBPC to peak particle 
concentrations associated with the process of interest, the data in Table II has been arranged as 
follows.  First, the LBPC has been used to assign local particle reference values into the 
following three bands: (a) PNC20-1000nm (b) PNC300-3000nm (c) PM2.5.  The upper range of 3000 
nm has been used for the PNC because all aerosol PNC > 3000 nm were 1 particle cm-3 and 
therefore negligible in absolute terms. However, in the event that background PNC and/or 
nanomaterial aerosol are dominated by particles >3000 nm then a relevant particle reference 
band could be assigned.  Also in such circumstances, a PM10 rather than, or in addition to the 
PM2.5 particle size impactor should be used on the photometer.   
Secondly, excursion guidance criteria of “where short term emissions or exposures 
exceed three times the LBPC for more than a total of 30 minutes per eight-hour working day” 
and “where a single short term value for emission or exposure exceeds five times the LBPC” 
have been assigned.  These are the triggers for implementing/reviewing control of particle 
emission.  
Thirdly, where particle concentration values exceeded the local particle reference value 
in accordance with the excursion guidance criteria, the relevant cell within Table II has been 
shaded.  Process 5 has been excluded because the particle data was generated within a chamber, 
whereas data for the other processes was generated within actual work environments.   
It can be seen from Table II that process 4 was a strong emitter of both sub and 
supermicrometre particles at greater than five times the local particle reference values, and the 
strength was sufficient to sustain an elevation in particle concentration relative to background 
at the source of emission.   
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Processes 6A and 6B were also strong emitters of particles at greater than five times the 
local particle reference value.  In addition, the strength of the particle emission was such that 
the average PNC300-3000nm and PM2.5 at the emission point for Process 6A was three times the 
background particle reference value for more than 30 minutes.  For Process 6B the PM2.5 at the 
emission point was elevated for more than 30 minutes.     
It can also be seen from Table II, particle emissions from processes 1A, 1B, 2, and 3 were 
not strong enough to elevate the particle concentration to greater than three times the local 
particle reference value for any 30-minute period.  However, peak PNC and PM2.5 
concentrations of greater than five times the local particle reference value were recorded at 
locations close to the process. This indicates that these peak particle concentrations were of 
insufficient strength and frequency to cause significant prolonged elevation of the background 
particle concentration in the work area. 
In contrast, emissions from processes 4, 6A, and 6B were of sufficient concentration to 
cause elevation of the particle concentration to greater than three times the local particle 
reference value for a 30-minute period. 
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For one data set, peak and mean PNC20-1000nm emitted from an incidental background 
source was an order of magnitude greater than that associated with the nanotechnology process. 
Therefore, universal excursion guidance criteria are limited in their application where sources 
of background particles are stronger than those from the process of interest. In such 
circumstances the process of interest can only be assessed and conclusions made regarding the 
significance of particle emission if these background sources of particles are minimised or 
isolated.  The excursion guidance criteria are not used where a short-term exposure limit has 
been assigned based upon toxicological or epidemiological data. 
The use of a statistical method that would test for the typical variation in measurement 
values, obtained before and during measurement of the process of interest, could also be 
utilised in determining the short-term (30 minute) excursion guidance criterion. The statistical 
method should be valid for time-series data.  Klein Entink et al. [28] argue autocorrelation in 
time-series  measurements leads to underestimation of the variance in the data, resulting in a 
biased test statistic of the t-test, and conclude Autoregressive Integrated Moving Average 
(ARIMA) models be utilised instead.  
A summary of the sampling method to be used in conjunction with the excursion 
guidance criteria is included in the SI1.  
9.6 CONCLUSIONS 
The utility of our study is it evaluated the use excursion guidance criteria as replicable 
decision criteria in assessing when particle emission was likely to be greater than background 
fluctuations in particle concentration and potential error of the instruments.  This is critical to 
exposure control in that it ensures consistent and measurable decisions are made regarding 
control of particle emission and/or further assessment of particle emission.   
Uncertainty exists as to what particle metrics should be used as indicators of potential 
exposure related health effects and very few health based exposure standards for airborne 
nanomaterials have been established to date.  Although this is a barrier to measurement of 
particle exposure, particle emission in terms of number and mass concentration can be 
characterised with relative ease and certainty at workplaces.   
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9.8 SUPPLEMENTAL INFORMATION    
Table SI: Results of review of selected literature on aerosol measurement methodology 
 
 
Particle metric Method/instrument Reference 
Particle metric concentration Condensation particle counter [1-4] 
in real-time (approximately 
10 nm to several µm) 
 
Particle number    Optical particle counter [3-6] 
Concentration in real-time 
(approximately 300nm to  
20 µm)  
 
Particle mass in real-time              Photometer or taper Element [7-11] 
                       Oscillating Microbalance (TEOM) 
 
Particle size distribution  Scanning Mobility Particle  [2, 7-9, 11-16] 
in real-time Sizer (SMPS) or Fast 
     Mobility Particle Sizers  
              (FMPS) 
 
Off-line chemical,              Electrostatic precipitator or filter  [2, 4-7, 9-11, 13, 17-22] 
morphological, mass             membranes for analysis using either   
analysis                electron microscope, phase contrast 
               microscope, elemental and gravimetric 
                techniques 
 
Surface area in real-time             Diffusion charging using Nanoparticle [1, 23, 24] 
               Surface Area Monitor 
 
Off-line particle size and              Electron microscope   [2-7, 9, 13, 22, 25] 
morphology          
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Figure S1 (a) and (b): Particle number concentration in particle size distribution 20 nm to 
10000 [Figure S1(a)] and PM2.5 concentration [Figure S1(b)] as recorded by co-located 
optical particle counter (OPC), CPC - P-Trak, and photometer (DustTrak) during carbon 
nanotube synthesis. A = Background ambient PNC at various locations around the room; B = 
commencement of first CNT synthesis; C = entire outer surface of furnace; D = end of 
furnace extraction tube inside fume cabinet; E = outside and along sash opening to fume 
cabinet; F = commencement of second CNT synthesis 
 
Supplemental Information -  Figure S1(a)    
 
Supplemental Information -   Figure S1(b) 
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Table SIII: Manufacturer specified instrument particle concentration accuracy data 
 
Instrument                   Particle concentration accuracy 
TSI Model 8525 P-Trak                   ±20% of the reading* 
TSI Model 8520 DustTrak           ±0.1 % of reading or ±0.001 mg m-3,whichever is  greater 
TSI Model 9306 AeroTrak OPC       ±5%# 
Notes: * although concentration accuracy is not specified by the manufacturer, a study by 
Matson et al., [26] comparing response of P-Trak and 3007 concluded both CPCs have 
proven to be reliable and yield comparable results of the UFP number concentrations.   # 
although manufacturer doesn’t specify the accuracy, the flow rate is specified at  +/-5% and is 
a key determinant of accuracy 
 
Supplemental Information – SI1 
 
In summary, we suggest the use of excursion guidance criteria in accordance with the following 
method:  
a) Measure real-time particle number and mass concentration data at emission points, 
within the breathing zone of worker, and at the perimeters of process enclosures and 
extraction ventilation, and at background points distal to the process, both before and 
during operation of the process.   
I. Plot the time-series data.  
II. Calculate the average of the real-time particle number and mass concentration from 
grouped data arising from repeated sampling, for the periods before and during 
operation of the process.  Use the average LBPC as the local particle reference 
value. 
III. Identify the presence of peak particle concentration values for both periods.  
Exclude particle values that are within ± of the manufacturer stated accuracy of the 
instrument, i.e. peak values that are within ± of the average of the real-time particle 
number and mass concentration.  
b) Calculate the ratio of the peak and 30-minute average particle number and mass 
concentration values for the process operation to that of the local particle reference 
value. 
c) Compare this ratio to either the universal or local excursion guidance criteria as a trigger 
for review of particle controls and/or to conduct further particle emission assessment. 
 
Supplemental Information References 
 
1. Asbach, C., H. Fissan, B. Stahlmecke, T. Kuhlbusch, P. DYH: Conceptual Limitations 
and Extensions of Lung Deposited Nanoparticle Surface Area Monitor (NSAM). Journal 
of Nanoparticle Research, 2009. 11; 101-109. 
  
Chapter 9: Excursion guidance criteria to guide control of peak emission and exposure to airborne engineered particles 
   274 
2. Brouwer, D., J. Gijsbers, W. Lurvink: Personal Exposures to Ultrafine Particles in the 
Workplace: Exploring Sampling Techniques and Strategies. Ann Occup Hyg, 2004. 
48(5); 439-453. 
3. Methner, M: Effectiveness of a Custom-fitted Flange and Local Exhaust Ventilation 
(LEV) System in Controlling the Release of Nanoscale Metal Oxide Particulates During 
Reactor Cleanout Operations. International Journal of Occupational and Environmental 
Health, 2010. 16(4); 475-487. 
4. Methner, M., L. Hodson, A. Dames, C. Geraci: Nanoparticle Emission Assessment 
Technique (NEAT) for the Identification and Measurement of Potential Inhalation 
Exposure to Engineered Nanomaterials - Part B: Results of 12 Field Studies. Journal of 
Occupational and Environmental Hygiene, 2010. 7; 163-176. 
5. Methner, M., L. Hodson, C. Geraci: Nanoparticle Emission Assessment Technique 
(NEAT) for the Identification and Measurement of Potential Inhalation Exposure to 
Engineered Nanoparticles - Part A. Journal of Occupational and Environmental Hygiene, 
2010. 7; 127-132. 
6. Peters, T., S. Elzey, R. Johnson, H. Park, V. Grassian, T. Maher, P. O'Shaugnessy: 
Airborne Monitoring to Distinguish Engineered Nanomaterials from Incidental Particles 
for Environmental Health and Safety. Journal of Occupational and Environmental 
Hygiene, 2008. 6; 73-81. 
7. Bello, D., B. Wardle, J. Zhang, N. Yamamoto, C. Santeufemio, M. Hallock, M. Abbas 
Virji: Characterisation of Exposures to Nanoscale Particles and Fibers During Solid Core 
Drilling of Hybrid Carbon Nanotube Advanced Composites. International Journal of 
Occupational and Environmental Health, 2010. 16(4); 434-450. 
8. Evans, D., B. Ki Ku, M. Birch, K. Dunn: Aerosol Monitoring during Carbon Nanofiber 
Production: Mobile Direct-Reading Sampling. Ann Occup Hyg, 2010. 54(5); 514-531. 
9. Jankovic, J., T. Zontek, B. Ogle, S. Hollenbeck: Characterising Aersolized Particulate as 
Part of a Nanoprocess Exposure Assessment. International Journal of Occupational and 
Environmental Health, 2010. 16(4); 451-457. 
10. Kuhlbusch, T., H. Fissan: Particle Characteristics in the Reactor and Pelletizing Areas of 
Carbon Black Production. Journal of Occupational and Environmental Hygiene, 2006. 3; 
558-567. 
11. Kuhlbusch, T., S. Neumann, H. Fissan, H: Number size distribution, mass concentration, 
and particle composition of PM1, PM2.5, and PM10 in bag filling areas of carbon black 
production. Journal of Occupational Environment and Hygiene, 2004. 1(10); 660-71. 
12. Asbach, C., H. Kaminski, H. Fissan, C. Monz, D. Dahmann, S Mulhopt, H. Paur, H. 
Kiesling, F. Herrmann, M. Voetz M, T. Kuhlbusch: Comparison of four mobility particle 
sizers with different time resolution for stationary exposure measurements. Journal of 
Nanoparticle Research, 2009. 11; 1593-1609. 
13. Jankovic, J., S. Hollenbeck, T. Zontek: Ambient Air Sampling During Quantum-Dot 
Spray Deposition. International Journal of Occupational and Environmental Health, 
2010. 16(4); 388 - 398. 
  
Chapter 9: Excursion guidance criteria to guide control of peak emission and exposure to airborne engineered particles 
   275 
14. Kuhlbusch, T., C. Asbach, H. Fissan, D. Gohler, M. Stintz: Nanoparticle exposure at 
nanotechnology workplaces: a review. Particle and Fibre Toxicology, 2011. 8(22); 
provisional version. 
15. Petaja, T., G. Mordas, H. Manninen, P. Aalto, K. Hameri, M. Kulmala: Detection 
Efficiency of a Water-Based TSI Condesation Particle Counter 3785. Aerosol Science 
and Technology, 2006. 40; 1090-1097. 
16. Wallace, L., W. Ott: Personal exposure to ultrafine particles. Journal of Exposure 
Science and Environmental Epidemiology, 2011. 21; 20-30. 
17. Cena, L., T. Anthony, T. Peters: A Personal Nanoparticle Respiratory Deposition (NRD) 
Sampler. Environmental Science and Technology, 2011. 45; 6483-6490. 
18. Ku, B.,  A. Maynard: Comparing aerosol surface-area measurements of monodisperse 
ultrafine silver agglomerates by mobility analysis, transmission electron microscopy and 
diffusion charging Aerosol Science, 2005. 36; 1108-1124. 
19. McMurry, P., A. Ghimire A, HK. Ahn, H. Sakurai, K. Moore, M. Stolzenburg, J. Smith: 
Sampling Nanoparticles for Chemical Analysis by Low Resolution Electrical Mobility 
Classification. Environmental Science and Technology, 2009. 43; 4653-4658. 
20. Methner, M., M. Birch, D. Evans, M. Hoover: NIOSH Health Hazard Evaluation Report 
2005-0291-3025. 2006, National Institute for Occupational Safety and Health. 
21. Miller, A., G. Frey, G. King, C. Sunderman: A Handheld Electrostatic Precipitator for 
Sampling Airborne Particles and Nanoparticles. NIOSH on line article. 
22. Tsai, CJ., CY. Huang, SC. Chen, CE. Ho, CH. Huang, SW. Chen, CP. Chang, SJ. Tsai , 
MJ. Ellenbecker: Exposure assessment of nano-sized and respirable particles at different 
workplaces. Journal of Nanoparticle Research, 2011. 13; 4161-4172. 
23. Fissan, H., S. Neumann, A. Trampe, P.DYH, WG. Shin: Rationale and principle of an 
instrument measuring lung deposited nanoparticle surface area. Journal of Nanoparticle 
Research, 2007. 9; 53-59. 
24. Wang, YF., PJ. Tsai, CW. Chen, DA. Chen, A. Hsu: Using a Modified Electrical 
Aerosol Detector to Predict Nanoparticle Exposures to Different Regions on the 
Respiratory Tract for Workers in a Carbon Black Manufacturing Industry. 
Environmental Science and Technology, 2010. 44(17); 6767–6774. 
25. Ki Ku, B., A. Maynard: Comparing aerosol surface-area measurements of monodisperse 
ultrafine silver agglomerates by mobility analysis, transmission electron microscopy and 
diffuson charging. Aerosol Science 2005. 36; 1108-1124. 
 
  
Chapter 10: Published reports of the research data and findings for characterisation of airborne particles arising from the 
operation of laser printers and nanotechnology processes  
 
   277 
 
Chapter 10: Published reports of the research 
data and findings for 
characterisation of airborne particles 
arising from the operation of laser 
printers and nanotechnology 
processes 
This chapter contains the executive summaries of the following two reports - 
Nanoparticles from Printer Emissions in Workplace Environments, and  Measurements of 
Particle Emissions  from Nanotechnology Processes, with Assessment of Measuring 
Techniques and Workplace Controls. In addition,  the full content of sections 8.2 and 8.3 of  
report Measurements of Particle Emissions  from Nanotechnology Processes, with Assessment 
of Measuring Techniques and Workplace Controls have been included in order to present 
measurement and analytical data, not reported in earlier chapters of this thesis or published in 
the scientific literature, such as that from SMPS and electron microscopy and data showing the 
effectiveness of the selected measurement instrumentation to verify local extraction ventilation 
removes particles from the workplace environment.  
1. Nanoparticles from Printer Emissions in Workplace Environments 
Peter McGarry±,†, Howard Morris^, Lidia Morawska±, Rohan Jayaratne±, Matthew Falk± and 
Lina Wang± 
±  International laboratory for Air Quality and Health, Queensland University of Technology, 
GPO Box 2424, Brisbane, Queensland 4001, Australia 
†  Workplace Health and Safety Queensland, Department of Justice and Attorney General, 
Queensland, Australia 
^ Safe Work Australia, Canberra, Australia 
Publication: Safe Work Australia, Canberra, 16/12/2011, www.safeworkaustralia.gov.au 
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2. Measurements of Particle Emissions  from Nanotechnology Processes, with Assessment 
of Measuring Techniques and Workplace Controls 
Peter McGarry±,†, Howard Morris^, Luke Knibbs±, Lidia Morawska±, Thor Bostrom± and 
Andrea Capasso 
±  International laboratory for Air Quality and Health, Queensland University of Technology, 
GPO Box 2424, Brisbane, Queensland 4001, Australia 
†  Workplace Health and Safety Queensland, Department of Justice and Attorney General, 
Queensland, Australia 
^ Safe Work Australia, Canberra, Australia 
Publication: Safe Work Australia, Canberra, 25/09/2012, www.safeworkaustralia.gov.au 
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10.1 NANOPARTICLES FROM PRINTER EMISSIONS IN WORKPLACE 
ENVIRONMENTS   
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1. Executive Summary 
The focus of this work was to investigate exposure of office workers to nanoparticles 
emitted from laser printers, as well as temporal and spatial variations of nanoparticles within 
office environments, and to provide guidance on methods to minimise exposure to such 
emissions.   
In 2007 a paper was published in the scientific literature alerting the community to the 
emission of particles during the operation of laser printers within office locations.  This paper 
generated significant interest both within Australia and worldwide and resulted in a flood of 
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concern being expressed within the media, and directed to Australian State, Territory, and 
Federal workplace health and safety regulatory bodies. As this paper corresponded to the 
commencement of the National Nanotechnology Work Health and Safety Program which 
amongst other things identified a need to validate techniques and methods for characterising 
airborne nanoparticles arising from the emerging nanotechnology industry, it was considered 
prudent to investigate both exposure to nanoparticles from laser printer operation and methods 
for characterising airborne nanoparticles in general. 
Scope and limitations of this study 
The scope of this study was limited to investigating the characteristics and behaviour of 
particles arising from the operation of laser printers in office locations and did not include the 
toxicological evaluation of the aerosol.  Therefore no direct conclusion was made regarding 
the health effects of exposure to these particles. 
However, following the completion of this study a separate review of the health risk 
associated with laser printer emissions concluded the health risk associated with the levels of 
emissions measured in the original study to be low, although this does not exclude the 
possibility of health effects for highly sensitive people [2] or those people exposed to higher 
levels (i.e. higher particle concentration and duration of exposure) of printer emissions to that  
characterised in the initial study6. 
Summary of main findings 
The main findings of this study are summarised under the following headings. 
Background and printer contribution to particle concentrations 
Office workers are continually exposed to a background particle number concentration 
(PNC) within their office environment, predominantly within the nanoparticle7 size range, with 
the source of these particles mainly from outside (vehicular) pollution.  Therefore it is essential 
that this local background particle exposure8 be accounted for when characterising the 
emission of particles, and assessing exposure of office workers, arising from the operation of 
                                                 
 
6 Usage of printers included in this study was such that the longest period of time that airborne concentrations of 
particles were elevated above background was 50 minutes in an eight hour period. 
7 A particle with a nominal diameter smaller than about 100 nm. 
8 Local office area eight-hour time-weighted average particle number concentration minus the eight-hour average 
particle number concentration from printing events.  This value is specific to each office environment.  The 
median of all values calculated for this report has been used as the basis for the recommended particle reference 
value. 
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laser printers.  Local background particle exposure for 25 of the office environments included 
in this study ranged from 1.7 x 103 particles cm-3 to 1.2 x 104 particles cm-4, with a median 
value of 4.0 x 103 particles cm-3.    
The particle size associated with the operation of the laser printers included in this study 
was predominantly less than 300 nm.  This information when coupled with particle size 
characterised by SMPS reported in other studies leads us to the conclusion that the particle 
diameter associated with the operation of laser printers in office locations is within the ultrafine 
size range of less than 100 nm.   
Laser printers that emit nanoparticles at concentrations greater than the local office 
background particle exposure are common within office workplaces, with 45 (42%) of the 
available printers initially surveyed for this work being classified as low to high emitters, and 
62 (58%) of printers as non-emitters9. 
Of the 25 printers subjected to continuous particle measurement at one metre from the 
printer, 18 recorded a statistically significant increase in PNC associated with printing.  In 
addition,  four of five printers subjected to continuous particle measurement at two metres from 
the printer also recorded a statistically significant increase in particle number concentration 
(PNC) associated with printing.  Therefore these printers increased exposure of office workers 
to particles above the local background particle exposure at both one and two metres 
respectively.    
Exposure characterisation 
All eight-hour time-weight average (TWA) printer particle exposures10 except one were 
below the eight-hour TWA local background particle exposure for each office area, indicating 
that the majority of the average nanoparticle exposure experienced by workers in these offices 
over the course of a working day came from sources other than printers, such as vehicle 
emissions infiltrating the building. Eight-hour TWA printer particle exposures were calculated 
for 19 office environments and ranged from 4.3 x 101 particles cm-3 to 4.0 x 103 particles cm- 3.   
                                                 
 
9 Emission classification is based upon ratio of PNC emission to the background - non-emitters (ratio ≤ 1); low 
emitters (ratio  > 1 and ≤ 5), medium emitters (ratio > 5 and ≤ 10 to background); and high emitters (ratio > 10 to 
background) 
10 Particle number concentration resulting from printer operation multiplied by measurement time and divided by 
eight hours. 
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In contrast, eight-hour TWA local background particle exposure ranged from 1.7 x 103 
particles cm-3 to 1.2 x 104 particles cm-3, with a median value of 4.0 x 103 particles cm-3, 
indicating that exposure to particles from non-printer sources were in certain cases, 
significantly higher than particle exposure arising from the operation of laser printers.   
Peak particle exposure was recorded one metre from printers during printing events at 
greater than five times that of the eight-hour TWA local office background particle exposure 
for 11 printers, at four times for one printer, three times for two printers, and between one and 
two times for eight other printers.  The peak particle exposure measurements ranged from 3.3 
x 103 particles cm-3 to 9.9 x 104 particles cm-3 (this is the particle saturation value of the CPC, 
and therefore particle exposure was greater than this value).   
These results indicate that the eight-hour time-weighted average of printer particle 
number concentration is not the best method for assessing exposure. Instead peak and 30 
minute short-term printer particle exposure assessment are a better measure, using the 
measurement methodology recommended in this report. 
Mitigation and control 
1. The methods used in this study, including the measurement locations and durations, and 
the use of a P-Trak were very reliable in characterising both spatial and temporal PNC 
arising from printer operation, with the P-Trak measurements characterising 79% of PNC 
associated with printing events at both one and two metres from the printers.   
2. Proper positioning of printers with respect to office ventilation inlet and outlet grills 
assists in diluting the printer PNC.  
3. Complex modelling of air flow and printer particle distributions within office locations is 
not essential for informing exposure control options.  Exposure control decisions can be 
informed by the use of a robust particle assessment method and excursion guidance 
criteria such as that recommended in this report.  
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Advice on nanoparticle assessment and control strategies  
Although little direct toxicological data exists regarding nanoparticles associated with 
laser printer operation, there is a wide body of literature regarding the link between 
nanoparticles (also known as ultrafine particles) and cardiovascular and respiratory health 
effects. Consistent with a precautionary approach to exposure to nanoparticles in general, the 
following advice on nanoparticle exposure control and assessment is provided. 
Option 1 - Nanoparticle exposure control only, no assessment 
This option provides a universal approach for control implementation based upon the 
findings of this study, and does not require assessment of particle emission from the printers 
of concern.   
 
Locate the printer such that distance and/or local ventilation conditions dilute the printer 
particles. Examples of such include: 
Locate the printer in proximity to a ventilation inlet or outlet grill.  The release of artificial 
smoke can aid in visualising local air movement. Note the potential movement of the printer 
should not then result in printer particles increasing exposure to occupants of other work 
stations; 
Reduce the number of laser printers located amongst work stations and locate remaining 
laser printers in a dedicated printer room, or an area of the office a sufficient distance away 
from occupied work stations. Ideally the local ventilation to either of these areas should have 
a higher velocity so as to provide a greater particle dilution to the area compared to the rest of 
the office.   
Option 2 – Nanoparticle exposure assessment followed by control implementation 
This option provides for assessment of particle emission from the printers of concern so 
as to inform whether controls are required for individual laser printers. Ideally, assessment 
should be conducted by someone competent in the area of emission evaluation such as an 
occupational hygienist.   
Choice of instrumentation 
Instrumentation for characterisation of nanoparticles emitted from laser printer operation 
within an office environment should include: 
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o Particle number counting instrument that can characterise nanoparticles, 
such as a condensation particle counter that has a lower particle 
measurement range ≤  20 nm, and   
o Artificial smoke generator. 
Identification of laser printers emitting at a particle ratio of > 2 to the background  
Set the instrument to record one data reading per second.  
Position the instrument at the printer so as to characterise background particle number 
concentration, and particle emission number concentration from the printer during the 
operation of the printer.   
Before commencing printing, record the background particle number concentration on 
the sampling log sheet.  
Perform at least five printing events that are representative of typical printing for the 
printer with the duration for each test between 2-3 minutes, for example, different number of 
pages up to 50, single and double sided, black and white and colour if a colour printer. Sampling 
locations at the printer should include the paper exit tray and fan exhaust vents usually located 
at back or side of printer.  For each printing event record the printing times, number of pages 
printed, print colour, and page sides (one or two sided) on the sampling log sheet.   
Calculate the ratio of the peak printing PNC to the background PNC for each printing 
event. 
All printers with ratios > 2 will require further investigation regarding office occupant 
exposure as per step 3. This printer emission classification system is similar to the approach 
used by He et al. [3], who used a P-Trak to catalogue printers into four different classes, in 
terms of the ratio of particle emission concentration to background, including:  
o non-emitters (ratio ≤ 1), 
o low emitters (ratio  > 1 and ≤ 5),  
o medium emitters (ratio > 5 and ≤ 10 to background), and  
o high emitters (ratio > 10 to background). 
Assessment of office occupant exposure to laser printer particles 
For those printers identified in step 2 as emitting particles at a ratio of > 2 to the 
background, carry out the following:  
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o Set the instrument to function in continuous recording mode. 
o Assess exposure to nanoparticles of occupants at (computer) work stations 
by placing the instrument in a static location that represents the seated 
breathing height of the workstation occupant.  Carry out sampling for a 
period that is representative of an eight-hour period of particle exposure. 
Ensure the printer is used as per normal.  Record the time of each printing 
event on the sampling log sheet.   
o Download and chart the logged PNC data from the instrument. 
o Notate the graph of the real-time data with information on the different 
printing events such as time of printing, etc.   
 
Identifying if the peak particle reference value and/or the 30 minute short-term particle 
reference value have been exceeded at the location of the work station as follows: 
Calculate the local background particle exposure value. Subtract this from measured 
values to give the component due to laser printer emissions.  
Identify if any 30 minute short term printer particle exposures exceed three times the 
value 4.0 x 103 particles cm-3, i.e., 1.2 x 104 particles cm-3. 
Identify if peak values exceeds five times the value 4.0 x 103 particles  
cm-3, i.e., 2.0 x 104 particles cm-3.    
These excursion criteria are based on guidance on general variability in the concentration 
of airborne substances, as described in the document Exposure Standards for Atmospheric 
Contaminants in the Occupational Environment Guidance Note [4], which can be interpreted 
such that printer particle exposures may be significant in the following circumstances:  
Where the 30 minute short-term printer particle exposures exceed three times a particle 
reference value for more than a total of 30 minutes per eight-hour working day, and/or where 
a single peak value exceeds five times a particle reference value, and   
A particle reference value of 4.0 x 103 particles cm-3, which is the median value of the 
local background particle exposures estimated for the 25 office environments included in this 
study.    
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Deciding upon and implementing exposure controls 
Given the absence of a universal particle reference value or National Exposure Standard 
for nanoparticles arising from the operation of laser printers. Precautionary guidance may be 
based upon the typical office (non-printer related) background particle exposures. 
In relation to type of laser printers, measurement results show that a number of printers 
do not emit particles above a peak particle exposure concentration of 2.0 x 104 particles cm-3, 
and 1.2 x 104 particles cm-3 as averaged over any 30-minute period. This reference may be 
considered in a precautionary approach to choice of printers.  
Implementing the controls outlined in Option 1 can help reduce exposure at the occupied 
work stations to below a peak particle exposure concentration of 2.0 x 104 particles cm-3, and 
1.2 x 104 particles cm-3 as averaged over any 30-minute period.  
Evaluation of the effectiveness of control decision/s: 
After controls are modified, measurements can be repeated so as to assess the 
effectiveness of the control decision.   
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10.2  MEASUREMENTS OF PARTICLE EMISSIONS FROM 
NANOTECHNOLOGY PROCESSES, WITH ASSESSMENT OF MEASURING 
TECHNIQUES AND WORKPLACE CONTROLS  
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Executive Summary 
Scope and limitations of this study 
The overall aim of this project was to contribute to existing knowledge regarding 
methods for measuring characteristics of airborne nanoparticles and controlling occupational 
exposure to airborne nanoparticles, and to gather data on nanoparticle emission and transport 
in various workplaces.  
The scope of this study involved investigating the characteristics and behaviour of 
particles arising from the operation of six nanotechnology processes, subdivided into nine 
processes for measurement purposes. It did not include the toxicological evaluation of the 
aerosol and therefore, no direct conclusion was made regarding the health effects of exposure 
to these particles.  
Our research included real-time measurement of sub, and supermicrometre particle 
number and mass concentration, count median diameter, and alveolar deposited surface area 
using condensation particle counters, an optical particle counter, DustTrak photometer, 
scanning mobility particle sizer, and nanoparticle surface area monitor, respectively.  Off-line 
particle analysis included scanning and transmission electron microscopy, energy-dispersive 
x-ray spectrometry, and thermal optical analysis of elemental carbon.  Sources of fibrous and 
non-fibrous particles were included.    
Summary of main findings 
The main findings of this study are summarised under the following headings.  Italic font 
has been used for a number of key terms defined in the glossary.  
Particle exposure and emission 
1. Measurement of background concentrations of particles, i.e. without 
nanotechnology processes operating, showed workers at each of the 
nanotechnology processes are constantly exposed to varying concentrations of 
both sub and super micrometre particles.  This local background particle 
exposure arises from sources of particles ubiquitous in the general environment.  
Therefore, it is essential that this local background particle exposure be 
accounted for when characterising the emission of particles, and assessing 
exposure of nanotechnology workers arising from the operation of 
nanotechnology processes.  The range of mean local background particle 
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exposure for the nine nanotechnology environments included in this study were 
particle number concentrations (PNC): PNC20-1000nm - 5.5 x 10
2 particles cm-3 to 
1.1 x 104 particles cm-3, PNC300-3000nm  - < 1 to 37 particles cm
-3, and mass 
concentration of particles with aerodynamic diameter <2.5 µm (PM2.5):  – 1 μg 
m-3 to 25 μg m-3. 
2. Mean particle concentrations measured at emission points of the nine processes 
showed that for seven of the processes the PNC20-1000nm, and PM2.5  were the same 
order of magnitude as that of the local particle background exposure, with the 
other two processes being one order of magnitude higher.  Of the five processes 
for which PNC300-3000nm was characterised, three were of the same order of 
magnitude as that of the local particle background, one was an order of magnitude 
higher, and one was two orders of magnitude higher. 
3. Particle number and mass concentration within the sub and supermicrometre size 
range consistently showed significant particle variation associated with the 
nanotechnology process when compared to background.  Evaluation of  peak 
particle concentrations relative to the local background particle exposure showed  
the median value of the peaks exceeded the local background particle exposure 
by a factor of five or more as follows:   PNC20-1000nm  - five of seven processes, 
PNC300-3000nm – two of seven processes, and PM2.5  - five of seven processes.  
4. Therefore, because of the constant influence of background particle 
concentrations, characterisation of peak concentration values, across both the sub 
and supermicrometre size range, relative to the background is a better indicator 
of when a process may require control of particle emission, in contrast to absolute 
concentration values.  
5. Count median diameter (CMD) values obtained simultaneously with PNC and 
PM2.5 values for six processes using a scanning mobility particle sizer with an 
upper particle measurement size of 160 nm, showed the CMD during operation 
of the process was similar to the local particle background exposure.  When 
considered together, this data indicates that particle emissions and exposures from 
these nanotechnology processes are unlikely to be exclusively ultrafine in nature. 
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Advice on particle assessment  
6. Characterise temporal and spatial particle number and mass concentration when 
evaluating emission sources, breathing zone exposure of process operators, 
incidental and background particles, and effectiveness of particle emission 
controls.   Our results clearly indicate that a complimentary set of instruments 
such as a P-Trak [i.e. a portable condensation particle counter (CPC)], optical 
particle counter (OPC), and DustTrak can be used to gather both temporal and 
spatial data. 
7. Characterisation of particle mass in conjunction with number concentration is 
also required so as to account for measurement error caused where the particles 
used to calibrate the instrument differ significantly to those of the aerosol of 
interest.  For example, where fibrous particles are encountered and the OPC has 
been calibrated for spherical particles, there can be resultant undercounting by the 
OPC may be identified by a mass concentration based instrument.  This was 
evident from the results of carbon nanotube aerosol measurement where electron 
microscopy indicated that the particles’ with dimensions were greater than 10µm, 
as significant PNC300-3000nm and PM2.5 response was evident, but insignificant 
PNC>3000nm was recorded.   In addition our results clearly indicate the DustTrak 
PM2.5 mass concentration correlates positively with the PNC in size range of 300 
to 2500 nm for sources of both fibrous and non-fibrous particles.  Pearson 
correlation values showed a consistent positive relationship between particle 
number and mass concentration values.   
8. In addition, if further information on particle emission and exposure is required, 
filter and electrostatic precipitator based samples can be collected with relative 
ease for off-line analysis by electron microscopy and energy-dispersive x-ray 
spectrometry.   
 Utilise the following hierarchy of Particle Control Values when assessing the 
significance of particle emission and exposure, most preferred first:  
 A company or laboratory’s in-house control limits – if these are lower, i.e. 
more stringent, than applicable regulatory limits 
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 Australian Workplace Exposure Standards. The model Work Health and 
Safety (WHS) Regulations require that a person conducting a business or 
undertaking must ensure that no person at the workplace is exposed to a 
substance or mixture in an airborne concentration that exceeds the relevant 
exposure standard for the substance or mixture.   
 Overseas national exposure limits or recommended national exposure limits, 
e.g. Recommended Exposure Limits from the United States National Institute 
for Occupational Safety and Health (US NIOSH) 
 Proposed workplace exposure limits – from research results 
 Benchmark exposure levels – which have some consideration of health effects 
 Local particle reference values derived from characterising background 
particle levels 
Appropriate application of this hierarchy of particle control values when 
assessing the significance of nanomaterial emissions and exposure will increase 
the number of particle control values available for use. 
9. Utilise a three tiered particle assessment process as follows as outlined in points 
11 to 13.  
10. Tier One: the Tier One assessment involves a standard industrial hygiene survey 
of the process area and is predominantly focussed upon the gathering of 
qualitative information.  Quantitative data is gathered to identify likely points of 
particle emission relative to the background.  The information gathered during 
Tier One is used to inform whether a Tier Two measurement process is required. 
11. Tier Two (if indicated following Tier One assessment):  the Tier Two assessment 
process is designed to be relatively simple to implement and as such does not 
involve off-line particle analysis. Steps in the Tier Two process include: 
 Measure real-time local background particle exposure in terms of number 
and mass concentration during periods when the process of interest in not in 
operation.  This is of paramount importance so as to differentiate background 
particles from particle of interest.  
i. Plot the time-series data. 
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ii. Calculate the average of the local background particle exposure particle 
number and mass concentration – this is the local particle reference 
value. 
iii. Identify the presence of peak particle concentration values.  Exclude 
particle values that are within ± of the manufacturer stated accuracy of 
the instrument, i.e. peak values that are within ± of the local particle 
reference value. 
iv. Calculate the peak particle and mass concentration values for the local 
background particle exposure 
 Measure real-time particle number and mass concentration data at emission 
points, within the breathing zone of worker, and at the perimeters of process 
enclosures and extraction ventilation, during operation of the process.   
i. Plot the time-series data  
ii. Calculate the time-weighted average of the real-time particle number 
and mass concentration 
iii. Identify the presence of peak particle concentration values.  Exclude 
particle values that are within ± of the manufacturer stated accuracy of 
the instrument, i.e. peak values that are within ± of the time-weighted 
average of the real-time particle number and mass concentration  
iv. Calculate the peak particle number and mass concentration values for 
the process operation 
 Calculate the ratio of the peak particle number and mass concentration values 
for the process operation to that of the local particle reference value. 
 Compare this ratio to the general excursion guidance criteria as a trigger for 
to review of particle controls and/or conduct a Tier Three assessment, as 
described below:   
a. General excursion guidance criteria – a nanotechnology process 
could be considered to require further assessment if:  
i. Short term emissions/exposures exceed three times the local 
particle reference value for more than a total of 30 minutes 
during a work day; and/or 
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ii. If a single short term (peak) value exceeds five times the local 
particle reference value. 
12. Tier Three assessment.  A Tier Three assessment involves the repeat of the Tier 
Two measurements but this time with simultaneous collection of particles for off-
line analysis of particle morphology and chemical composition.  The results of 
the off-line particle morphology and chemical composition analysis can also be 
compared to real-time measurement results.  A Tier Three process can include: 
 Collection of aerosols onto a filter membrane connected to a sampling pump 
or transmission electron microscopy (TEM) grid within an electrostatic 
precipitator, with analysis by scanning electron microscopy and X-ray 
diffraction (SEM/XRD) and TEM/XRD respectively.   
 Utilisation of the sampling and analytical method recommended for an 
Australian Workplace Exposure Standard, overseas exposure limit (e.g. 
Recommended Exposure Limits), proposed workplace exposure limit, or 
benchmark exposure level.  
 Use of a scanning mobility particle sizer with the minimum particle 
measurement size possible.   Significant differences between the count 
median diameter during the process compared to the local background 
particle exposure would suggest the nanotechnology process is emitting 
particles.  These particles may be within the ultrafine size fraction but could 
also be of larger particle sizes due to agglomeration of particles.       
13. Do not use photometers (e.g. DustTrak) as a substitute for the sampling and 
analytical method recommended for an exposure standard, Recommended 
Exposure Limit (REL), or proposed exposure limit. This is because the sampling 
and analytical method of operation of photometers is fundamentally different.  
Photometers do not provide true gravimetric mass concentration data, but rather 
provide an estimate based upon the measured response to light scattering of 
particles.  The light scattering detected by the instrument is a function of particle 
size, shape, and refractive index which may differ significantly amongst different 
sources of aerosols. 
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Triggers for particle control strategies  
14. Where the calculated ratio of the peak particle concentration measured during 
process operation to local particle reference value does not exceed the excursion 
guidance value, changes to particle control strategies are not generally required, 
but may be required in the case of nanomaterials that are potentially highly 
hazardous.  
15. Where the results of Tier Three assessment confirm the excursion in particle 
concentration is associated with the nanotechnology process, particle control 
strategies should be should be considered. The choice of control, for example an 
engineering control or personal protective equipment, should be based on the 
measured exposure levels and; (a) relevant particle control values, or (b) any 
known or suspected toxicity of the nanomaterial.  
16. Measurement of particle concentrations during the use of local extraction 
ventilation (LEV), fume cabinets, mechanical dilution ventilation, and process 
enclosures clearly validated all were able to reduce exposure and emission by 
orders of magnitude in particle concentration.  The minimum recommended 
capture velocity for a hot process is 0.25 – 0.5 m s-1 so as to overcome local 
interferences and the intrinsic release velocity of the contaminant.  Thus to control 
exposure, it is recommended that the minimum capture velocity be maintained at 
0.25 m s-1, and the LEV hood/s are positioned close to the particle source and 
relative to the position of local workers so as to move the particles away from the 
breathing zone of process workers.  
 
8.2 Process One – grinding and extrusion of modified TiO2   
8.2.1 Experimental Design and Conditions 
This nanotechnology process utilised functionalised nano titanium dioxide (TiO2) 
(anatase) in two discrete stages, Stage 1-A and 1-B, as described in Table 2.  
A P-Trak, CPC 3781, SMPS, NSAM, and DustTrak sampled through a manifold from a 
common point located within ~20cm of the particle emission source during both the stages of 
the process. Spatial PNC, including within operator breathing zone, was also measured using 
a P-Trak as a hand-held device at four locations proximate to the particle source, and by a CPC 
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3781 located approximately seven metres from the particle source.  The dimensions of the work 
area included a floor area and room volume of approximately 100 m2 and 400 m3, respectively.  
Mechanical ventilation (forced dilution or extraction) was not used during either stage of this 
process.  Instead natural ventilation was provided through one open door. 
8.2.2 Results 
  8.2.2.1 Time series of particle number and mass concentration, count median 
diameter, and alveolar deposited surface area  
Shown below are several time-series plots of the PNC and PM2.5 concentration, particle 
count median diameter, and alveolar deposited surface area for Process 1.  The plotted 
measurement values reflect both the local background particle exposure and particles being 
emitted from Processes 1A and 1B.   
Figure 1 compares the particle number and mass concentration during process operation 
and the local background particle exposure associated with Processes 1-A and 1-B.  Note that 
stage 1-A is not a strong particle source as evidenced by the PNC remaining steady at a 
concentration of about 1.0 x 104 p cm-3, which is similar to the PNC before and after.  However, 
stage 1-B is a much stronger source of particles than background sources and influences PNC 
both at the point of emission and at a distance approximately seven metres from the source, 
and continues to have an influence on the PNC after the completion of stage 1-B.  Peak PM2.5 
concentrations that have no clear association to the process are evident during both Process 1-
A and 1-B. 
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Figure 1: Comparison of PNC and PM2.5 concentration during stages 1-A and 1-B and the 
local background particle exposure.   The background CPC was situated approximately 7m 
from the process particle source and the source PM2.5 and CPC were situated approximately 
0.2m from particle emission point. 
 
Figure 2 compares the time series of particle number and mass concentration during 
specific tasks that were undertaken during stage 1-A.  The process was repeated three times for 
the purposes of measurement and labelled batches A, B, and C, with each batch task labelled 
Task A to F as follows - Task A = Crushing Fe Stearate; Task B = Weighing out Fe Stearate; 
Task C = adding oil and mixing; Task D = crushing and adding P25 TiO2; Task E = Mixing 
the above using a spatula; and Task F = Pouring the above into another container.  No extraction 
or mechanical dilution ventilation was in operation during any batch.  
During each batch the PNC at the source appears to increase above the background PNC 
compared to that between batches, however there is no obvious correlation to the various tasks, 
and the increase is relatively small when the accuracy of the instruments is considered as 
outlined in Table 3.  For example, the peak PNC of 7.0 x 103 particles cm-3 is approximately 
1.0 x 103 particles cm-3 greater than the lower value of 6.0 x 103 particles cm-3.  This difference 
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of 1.0 x 103 particles cm-3  is within the manufacturer stated inaccuracy (± 20%) of the CPC as 
± 20% of 6.0 x 103 particles cm-3 = ± 1.2 x 103 particles cm-3.   
 
Figure 2: Process 1, stage 1-A was repeated over three batches.  For each batch the main 
tasks are labelled A to F, with Task A = Crushing Fe Stearate; Task B = Weighing out Fe 
Stearate; Task C = adding oil and mixing; Task D = Adding P25 TiO2; Task E = Mixing the 
above using spatula; Task F = Pouring the above into another container.   
 
Peak PM2.5 concentration associated with specific tasks is also evident in Figure 2.  At 
least one peak in PM2.5 concentration when compared to the background PM2.5 concentration 
was associated with each of tasks A to F. The tasks that involved pouring of both iron stearate 
(Task B) and TiO2 powders (Task D) and the hand mixing of these (Task E) are most frequently 
associated with peak PM2.5 concentration.  In absolute terms the maximum peak PM2.5 value of 
47 µg m-3 was only 41 µg  m-3 above the background of 5 µg m-3 and therefore of very limited  
significance in practical terms.  However, the peaks in PM2.5 concentration above background 
are significant in terms of process emission because they are greater than the normal 
background fluctuations and also greater than the inaccuracy of the instrument (in this case, 
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the greater value of 0.01% or 1 µg m-3).  This also indicates the use of the DustTrak is valid 
and sensitive for characterising relatively low particle emission from this process.         
Figure 3 provides additional PNC and PM2.5 concentration time series for stage 1-B.  
Figure 3 presents the results of spatial measurements obtained with a P-Trak and DustTrak, 
including within the breathing zone11 of the process operator during the process operation. 
Measurement locations are signified on graph as follows: A = at extruder control panel 
approximately 0.5 m from the extruder machine and in the approximate breathing zone of the 
operator, B = 2.4 m to right of extruder machine, C = 2.4 m to the left of extruder machine, D 
= at receiving hopper for final product, approximately 5 metres from the extrusion machine.  
No extraction or mechanical dilution ventilation was in operation during this stage.  Similar to 
the concentrations presented in Figure 1, PNC and PM2.5 concentrations were elevated above 
background during the operation of stage 1-B.  The increase in PM2.5 concentration at locations 
C and D likely reflect particles arising from the depositing of the end product into a receiving 
hopper located several metres to the left of the extruder machine.   
  
                                                 
 
11 Note these results are not personal exposure measurements but rather are estimates of personal exposure as 
hand-held instruments were used when the worker/s were at usual process operation locations.   
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Figure 3: Difference in particle number and mass concentration at different locations during 
the extrusion process.  PNC obtained using a P-Trak, and PM2.5 concentration using a 
DustTrak.  Locations are signified on graph as follows: A = at extruder control panel 0.5 m 
from source in breathing zone of the operator, B =  2.4 m to right of extruder machine, C = 
2.4 m to left of extruder machine, D = at receiving hopper for final product. 
 
The time series of the count median diameter (CMD) and the alveolar deposited surface 
area of the particles as characterised at the emission point of Process 1-A are presented in 
Figure 4.  Peaks in the CMD of approximately 58 nm are associated with each of the three 
batches, compared to a CMD of between 51 and 53 nm between the batches.  Corresponding 
to the increase in CMD are peaks in the alveolar deposited surface area during each batch when 
compared to that between each batch.  However these peaks are relatively small when 
compared to background, and the accuracy of the instruments is considered as outlined in Table 
2.  
Process 1 - B
0.0E+00
2.0E+04
4.0E+04
6.0E+04
8.0E+04
1.0E+05
1.2E+05
1.4E+05
1.6E+05
1.8E+05
11:16 11:31 11:45 12:00 12:14 12:28 12:43 12:57
Time
P
a
rt
ic
le
 N
u
m
b
e
r 
C
o
n
c
e
n
tr
a
tio
n
 (
p
 c
m
-3
)
0
2
4
6
8
10
12
14
16
P
M
2
.5
 C
o
n
c
e
n
tr
a
ti
o
n
 (
µ
g
 m
-3
)
PNC PM2.5
A
D
CA
B
A
start
extrusion
Stop 
extrusion
  
Chapter 10: Published reports of the research data and findings for characterisation of airborne particles arising from the 
operation of laser printers and nanotechnology processes  
 
   305 
 
Figure 4: Count Median Diameter and alveolar deposited surface area of particles at the 
emissions source for stage 1-A. Common process steps are notated on the figure as follows: 
A = Crushing Fe Sterate; B = Weighing out Fe Sterate: C = adding oil and mixing; D = 
Adding P25 TiO2; E = Mixing the above using spatula; F = Pouring the above into another 
container.   
 
The CMD and the alveolar deposited surface area of the particles as characterised at the 
emission point of stage 1-B is presented Figure 5.  Note, that compared to the background, 
there are obvious peaks in both the CMD and the alveolar deposited surface area of the 
particles.  These peaks are significant when compared to the background, and when the 
accuracy of the instruments is considered, as outlined in Table 3. 
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Figure 5: Count Median Diameter and alveolar deposited surface area of particles at the 
emission source for stage 1-B. 
 
 8.2.2.2 Electron microscope 
Figure 6 depicts the SEM and energy dispersive X-ray spectroscopy results for aerosol 
particles collected using 37 mm polytetrafluoroethylene (PTFE) filter, open face cassette, and 
pump method during Process 1A.  These filters were co-located with the real-time 
measurement instruments described above. 
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Figure 6: SEM image and energy-dispersive X-ray spectroscopy of particles sampled from 
Process 1-A.  The open face cassette used for this sampling was located at same point as that 
of the real-time particle measurement instruments used for Process 1-A.   
 
The 37mm filter was examined using an FEI Quanta 200 Environmental Scanning 
Electron Microscope (ESEM) operated in high vacuum mode, and elemental composition was 
assessed using an EDAX X-ray microanalysis system.  The results revealed that the open face 
cassette and filter with a sampling pump successfully impacted particles onto the filter, and 
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these particles had a morphology and chemical signature consistent with the predominantly 
titanium dioxide component of the raw nanomaterial.  
  8.2.2.3 Discussion 
The data from Figures 1 to 5 is reflective of the process operation and the local 
background particle exposure, and has been used in Table 5 to examine variability in peak 
PNC, mass concentration, CMD, and alveolar deposited surface area associated with Processes 
1A and 1B.   
Table 5: Summary of peak particle metrics at emission source during process operation 
compared to the peak associated with local background particle exposure (LBPE)  
 
P 
r 
o 
c 
e 
s 
s 
PNC [p cm-3] 20 
to 1000nm 
CPC P-Trak 
PNC  
300 to 3000nm 
[p cm-3]  
OPC 
PNC  
>3000 to 
10000nm 
[p cm-3]  
OPC 
 
PM2.5 [μg m-3]  
 
DustTrak 
[μg m-3] 
CMD [nm]  
 
SMPS 
alveolar 
deposited surface 
area [µm2 cm-3 ]  
NSAM 
Peak 
during 
process 
Peak of 
LBPE 
Peak 
during 
process 
Peak of 
LBPE 
Peak 
during 
process 
Peak of 
LBPE 
Peak 
during 
process 
Peak of 
LBPE 
Peak 
during 
process 
Peak  
of 
LBPE 
Peak 
during 
process 
Peak 
of 
LBPE 
1A 7.0 x 
103 
5.7x 
103 
# # # # 50 9 58 53 24 19 
1B 1.6 x 
105 
1.3 x 
104 
# # # # 1.6 x 
101 
1.0 x 
101 
90 50 500 45 
 
# not measured 
 
 
It is evident from Table 5 that Process 1A is a peak emitter of supermicrometre particles, 
whilst Process 1B is a peak emitter of both sub and supermicrometre particles, with the 
differences in metric values during the process and the background being greater than the 
manufacturer stated accuracy of the P-Trak and DustTrak.    Differences in CMD and alveolar 
deposited surface area, during the process and the background, are not significant.  In contrast 
for Process 1B, there are significant differences in CMD and alveolar deposited surface area 
and this reflects: 1) the influence of the submicrometre particle emission, and 2) the particle 
size being predominantly within the submicrometre measurement range of the SMPS and 
NSAM respectively.   
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However, the insignificant difference between the mean of the particle metrics during the 
process and the background, as summarised in Table 4, indicates the peak particle emissions 
from Process 1A are weak with insignificant impact upon mean particle metrics when 
compared with the background.  In contrast for Process 1B, the mean of the PNC, CMD, and 
alvelolar deposited surface area during the process operation are significantly different to that 
of the background (p-values < 0.0001 and 0.0005 respectively), indicating the process is a 
strong sources of particles with the submicrometre particles dominating the particle signature.  
However, the spatial PNC values indicate the particle source is not strong enough to influence 
local background particle exposure as measured at 7 meters from the point of emission.   
The likely reason for the insignificant difference in the means of the CMD and alveolar 
deposited surface area, between during process operation and the background, is that the 
particle contribution from the nanotechnology process was minor relative to the local 
background particle exposure, and therefore mean particle size values would reflect the 
predominance of background particles.  This contrasts for Process 1B where the particle 
emission had the strength to influence the background particle CMD and alveolar deposited 
surface area. 
Both the water and alcohol based CPCs, plus the SMPS and NSAM were able to 
characterise Process 1-B as an emitter of particles when compared to background mean and 
peak values.  However, it cannot be concluded that the NSAM values reflect true alveolar lung 
deposited surface area.  This is because, as described in Table 1, the accuracy of the NSAM is 
stated to be only in the range of aerosol particles of size range 20 to 400 nm.  Significant peaks 
in PM2.5 concentration were evident during operation of Process 1B.  Even a small number of  
particles > 400 nm can have a significant contribution to total surface area causing significant 
errors in the lung deposited surface area estimate of the device [19, 44].  Despite this it is 
evident the NSAM is useful in identifying the occurrence of particle emission from a source.   
In analysing the particle concentrations recorded during the operation of process 1B the 
probability of the extrusion machine, which was operating at a temperature of approximately 
200ºC, contributing particles associated with vapour generation, must be considered as high.  
Therefore, as particles were not sampled for off-line analysis of composition, it is possible the 
source of elevation in particle concentrations during the operation of process 1B originated 
from vapour generation.   
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The results of the off-line analysis of aerosol indicates sample pumps, filters, open face 
cassettes to capture particles, SEM and EDX are valid techniques for characterising particles 
even where the strength of the particle source is low, as was the case for Process 1A. 
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8.3 Process Two – manufacture of clay-polyurethane nanocomposite material 
8.3.1 Experimental Design and Conditions 
This nanotechnology process involved instilling a clay product as a composite into a 
polyurethane polymer using an extrusion process, as described in Table 2.  The work room was 
the same as for Process 1 (floor area and volume of approximately 100 m2 and 400 m3, 
respectively) but this time was ventilated entirely by a local extraction ventilation system 
consisting of mechanical extraction vents, operating at a total flow rate of approximately 6.9 x 
103 m3 h-1, or 17 air changes per hour, which kept the room under a constant negative pressure.  
The most likely point of particle emission from the extruder was identified by the operators as 
above the centre of the screw barrel.  A P-Trak, CPC 3781, SMPS, NSAM, and DustTrak 
sampled through a manifold from a common point located within ~20cm of centre of the 
extruder machine, whilst operator exposure, at the location of the control panel, was measured 
using a P-Trak, and the room local background particle exposure was characterised using a 
CPC 3781 located ~7 m away.  Figure 6 illustrates the configuration of the sampling rig.  
 
 
Figure 6: Configuration of measurement equipment, with sampling manifold,  
relative to the location of the extruder machine. 
 
Measurements were repeated over three days during the processing of varying 
concentrations of the functionalised nanomaterial, with and without local extraction ventilation 
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operating.  The data for each of the three days is identified as Process 2-A, 2-B, and 2-C 
respectively for the purposes of this report. 
8.3.2 Results 
  8.3.2.1 Time series of particle number and mass concentration, count median 
diameter, and alveolar deposited surface area 
Shown below are time-series plots of PNC, PM2.5 concentration, count median diameter, 
and alveolar deposited surface area for Process 2-A.  The plotted measurement values reflect 
both the local particle background exposure, and particle metrics associated with the process 
that were typical for the three days of particle measurement.  Selected events and tasks have 
been notated upon the plot in Figures 7 and 8.   
Figure 7 compares both the PNC and PM2.5 concentration at the extrusion process particle 
source and the background at seven metres from the source.  Note there is a clear trend between 
particle concentration and key events/tasks such as: (i) when the extrusion machine is turned 
on at approximately 10:10 hours there is a peak in PNC and a sustained rise in PNC compared 
to background at both measurement locations,  (ii) when the extraction ventilation is turned on 
the PNC displays an obvious reduction at approximately 10:40 hours, (iii,) when the clay 
commences passing through the extruder at approximately 10:55 hours there is a peak in the 
PNC at both measurement locations, (iv) when the clay extrusion rate is increased to 120 grams 
per hour at approximately 11:02 hours there is another peak in PNC at both measurement 
locations plus a peak in PM2.5 concentration at the extruder machine.  
  
Chapter 10: Published reports of the research data and findings for characterisation of airborne particles arising from the 
operation of laser printers and nanotechnology processes  
 
   313 
 
Figure 7: Comparison of PNC at extruder source (CPC P-Trak) and at background 7 metres 
away (CPC 3781), plus particle mass concentration (DustTrak).  Note the effect of turning on 
the local extraction ventilation at approximately 10:40 hours.  The difference in PNC between 
the two CPC’s can be explained by a combination of the difference in particle size measured 
plus the location of the CPCs relative to the source.   
 
As expected, the PNC results from the water based CPC located at 7m from the source, 
and the alcohol based CPC located at the particle source differed significantly for at least two 
reasons.  (1) The minimum and maximum particle measurement size ranges differ between 
different instruments and therefore the lower particle measurement limit of the water based 
CPC allowed a greater PNC to be characterised, and (2) particles may exhibit significant 
differences in solubility between water and alcohol.  Therefore, when collecting spatial data 
the same model of CPC should be used.  Despite the differences in the CPC’s both were able 
to characterise similar patterns in particle variability associated with specific process events.   
The CMD and the alveolar deposited surface area on the particles as measured at the 
emission point of Process 2-A are presented in Figure 8.  Note that both lines display a similar 
trend in peaks and troughs associated with specific process stages,   for example, turning on 
the extruder machine and addition of clay platelets, for which an elevation in PNC was also 
noted in Figure 7.   
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Figure 8: Count Median Diameter and alveolar deposited surface area of particles at the 
extruder emissions source of Process 2-A 
 
Patterns in particle number and mass concentration, particle diameter, and alveolar 
deposited surface area are discernible for specific events/tasks when compared to those 
immediately prior. 
The following observations should be noted: 
 Switching on the extrusion machine results in a brief peak in PNC both at the 
source and seven metres away, and an increase in the particle alveolar 
deposited surface area at the source  
 Switching on the local extraction ventilation results in a decrease in PNC both 
at the source and seven metres away, presumably because sufficient quantities 
of outside air with lower PNC is drawn into the work area 
 Switching off the local extraction ventilation results in an increase in PNC both 
at the source and seven metres away 
 Tipping clay powder into the extrusion machine hopper results in an increase 
in PNC at the source, and an increase in the particle alveolar deposited surface 
area at the source  
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 When the clay and polyurethane are passing through the extruder there is an 
increase in PNC both at the source and seven metres away and an increase in 
PM2.5 concentration at the source, and an increase in the particle alveolar 
deposited surface area at the source 
 When the extrusion stops there is a decrease in PNC both at the source and 
seven metres away and a decrease in PM2.5 concentration at the source. 
  8.3.2.2 Influence of local extraction ventilation upon the particle concentration 
within the work area 
Figures 9 and 10 show the particle number and mass concentration as measured during 
the operation of Process 2, with and without local extraction ventilation (LEV) in operation.  
The influence of LEV in reducing PNC can clearly be seen when the LEV is switched off and 
on at 12:43 hours in Figure 9, and again in Figure 10 when the LEV is switched on at 12:50 
hours.  
 
 
Figure 9: Comparison of PNC at extruder source and at background 7 metres away.  Note 
effect on PNC of turning local extraction ventilation off at approximately 12:43 hours and 
back on at approximately 1250 hours (circled area).   
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Figure 10: Comparison of PNC at extruder source (CPC P-Trak) and at background 7 metres 
away (CPC 3781), plus particle mass concentration (DustTrak).  Note effect of switching on 
local extraction ventilation at approximately 12:40 hours (circled area).   
 
Further evidence of the effect of LEV on reducing the PNC is provided by comparison 
of the mean PNC measured at the point of particle emission for Processes 1B and 2, as shown 
in Table 4.  Both these processes used the same extruder process, however the difference in the 
mean PNC for Process 1B during operation and without LEV is one order of magnitude higher 
than for Process 2 which had LEV in operation.    
8.3.2.2.1 Description of the local extraction ventilation servicing the extruder 
machine 
The extruder machine was located within a room with a floor area and room volume of 
approximately 100 m2 and 400 m3, respectively.  A closed door at one end of the room allowed 
access directly to a car park, whilst another closed door was used as the main entry/exit to the 
work area.  The room was serviced by seven local extraction vents, with vent dimensions of 
0.45 x 0.45 metres.   Each vent had flanges insitu with dimensions of each 1m x 1m. The seven 
vents were positioned on the ceiling at a height of 3 metres from the floor.  Outside air to the 
work area entered via gaps under and around the doors, and either by infiltration or actively 
through the effect of negative pressure created when the LEV was in operation.   
Extraction vent C was positioned on the ceiling 0.7 metres to one side of the extruder and 
on the ceiling at a height of three metres from the floor resulting in the face of the vent being 
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positioned at 45º to the extruder and 2 metres straight line from the centre of the extruder 
machine.  The average velocity across the face of extraction vent B, as determined using grid 
pattern measurements, was 1.7 m s-1, with a range of 1.1 to 2.4 m s-1.  Vent B was positioned 
on the ceiling at 45º to the extruder and 3 metres straight line from the centre of the extruder 
machine.    
When artificial smoke was released at the extruder machine (at particle measurement 
point) the smoke was rapidly extracted into vent C and at a slower rate into vent B.  The smoke 
was not observed to be extracted into any of the other vents, and this is because of the relatively 
large distances between these vents and the extruder machine.  The average velocity across the 
face of extraction vent C, as determined using grid pattern measurements, was 1.8 m s-1, with 
a range of 1.1 to 2.2 m s-1.   
Using equation 1, the effective air flow rate generated by the LEV can be calculated so 
as to achieve a desirable capture velocity rate at the point of particle generation.  
Q = v(10x2 + A)                                         Equation 1 
 
Where Q = air flow rate in m3 s-1, v = capture velocity in m s-1, x = distance from hood 
to source, in metres, A = area of vent hood/face, m2.  
Rearranging equation 1 allows calculation of the effective capture velocity that was 
generated at the extruder machine on the days that particle monitoring took place,  
 
v =        Q____ 
       (10x2 + A)                                         Equation 2 
 
The estimation, using equation 2, of the effective capture velocity, v, generated by the 
combined effect of vents B and C at the particle emission point was 0.1 m s-1.  Air velocity 
measured using a hot wire anemometer positioned at the extruder machine with the LEV in 
operation, ranged between 0.1 and 0.2 m s-1.   
Although the PNC values plotted in Figure 6 clearly indicated that the LEV effectively 
captured particles arising from the extrusion process, the LEV was not effective in capturing 
all particles as evidenced by the peak in PNC measured at a distance of 7 metres from the 
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extrusion machine (when clay particles began passing through the extruder machine at 
approximately 11:00 in Figure 6).    
The likely reasons for the incomplete capture by the LEV of the particles arising from 
the extruder is that the effective capture velocity of between 0.1 and 0.2 m s-1 generated by the 
LEV system is too low to consistently overcome interference to the airflow velocity such as 
that caused by operator movement and random air currents in the work area.  Approximate 
recommended capture velocities for different processes have been published in Industrial 
Ventilation texts.  The minimum recommended capture velocity for the extrusion process is 
0.25 – 0.5 m s-1 so as to overcome local interferences and the intrinsic release velocity of the 
contaminant [87]. 
Using equation 3, the mechanically inducted air changes per hour (AC/h) was estimated 
for the work area, 
AC/h = (m3 s-1 x 3600)                                   Equation 3 
                    RV 
 
Where, m3 s-1 = air flow rate in cubic metres per second, 3600 = conversion for seconds 
(from m3 s-1) to hours (for AC/hr), RV = room volume in m3. 
Therefore the work room (floor area and volume of approximately 100 m2 and 400 m3, 
respectively), ventilated entirely by 7 mechanical extraction vents, was operating at a total flow 
rate of approximately 6930 m3 h-1, or 17 air changes hour per hour, which kept the room under 
a constant negative pressure.  The positioning of the LEV vents relative to the location of the 
extruder operator promoted a relatively clean air flow (that was not contaminated with particles 
from the process), to flow from behind the operator toward the emission points of the extruder.   
8.3.2.3 Electron microscopy analysis of particles 
Figures 11 and 12 show the TEM and SEM images respectively, along with energy-
dispersive X-ray (EDX) spectroscopy analysis spectra for aerosols arising from process 2A, 
whilst Figure 13 contains the same type of data for the raw material used in Process 2A.  
Figure 13 shows the nominal chemical formula for the functionalised clay platelets used 
during Process 2A, and this differs to that used during Processes 2B and 2C.   
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Comparison of Figures 11, 12, 13 indicates the following. Firstly, it is evident that the 
electrostatic precipitator impacted numerous particles onto the TEM grid film, and the use of 
the open face cassette, filters and pump also captured particles. Secondly, sampled aerosol 
particles have a chemical composition consistent with that of the raw material. Thirdly, the 
morphology of the aerosol sample was broadly consistent with that of the raw material, 
consisting of mainly plate like particles together with a few fibres.    
The weight percent of the elements identified in the CM200 TEM EDX spectra of the 
collected nanoparticles was calculated and compared to that of the raw material used for 
Process 2A. Because some particles were very small, the X-ray spectra were generally weak 
and dominated by the carbon peak from the support film substrate. For the calculations below, 
the carbon peak was fitted but not included with the sample inorganic elements. These results, 
shown in Table 6, were then compared to the predicted composition of the known raw material. 
It appears from these results that the aerosol particles were mostly compatible with the raw 
mineral.  
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Figure 11: TEM image and energy-
dispersive X-ray spectroscopy of particles 
sampled from Process 2-A.  The aerosol 
sampling inlet of the electrostatic 
precipitator used for this sampling was 
located at same point as that of the real-
time particle measurement instruments 
used for Process 2-A.   
 
 
Figure 13: SEM image of particles 
contained in the raw material used in the 
nanotechnology Process 2. 
                                                 
 
12 High aspect ratio fluoromica (Somasif ME100).  
EDX spectra not available for the raw material 
 
 
 
 
 
Figure 12: SEM image and energy-
dispersive X-ray spectroscopy of particles 
sampled from Process 2-A.  The open face 
cassette used for this sampling was located 
at same point as that of the real-time 
particle measurement instruments used for 
Process 2-A.  
 
Chemical formula12 of raw material 
 [Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96]
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Table 6: Calculated elemental weight percent composition of raw material and 
aerosol particles for Process 2A analysed in the TEM. (The substrate carbon peak has 
been omitted from these calculations.) 
 
 O F Na Mg Si Fe 
Nominal raw 
material was   
NaMg2.5 Si4 O10 (F)2  
which equates to the 
following Wt% 
concentrations: 
40.6 9.6 5.8 15.4 28.5 # 
Analysis 403: Cluster 
of particles impacted 
onto grid  
41.9 9.2 0.2 17.4 28.6 2.8 
Analysis 404: Cluster 
of particles impacted 
onto grid 
44.7 8.4 0.6 16.8 29.0 0.3 
Analysis 402: Fibre 
particles impacted 
onto grid 
43.3 4.1 4.9 18.0 29.4 0.3 
# not applicable  
Note: that the values for O are slightly overestimated since there is a small 
O contribution from the support film. The small Fe contribution most likely 
results from residual contamination of the extruder machine or from other 
processes, or from spurious X-rays in the TEM specimen area. 
 
Similar analyses for Processes 2B and 2C, where the surface functionalisation of 
the clay particles differed to that of Process 2A, revealed that the elemental 
composition of the aerosol particles included only oxygen and silicon; the other 
elements present in the sample from Process 2A (F, Na and Mg) were not detected in 
these samples.  
  8.3.2.4 Discussion 
The data from Figures 7 and 8 is reflective of the process operation and the local 
background particle exposure, and has been used in Table 7 to examine variability in 
peak PNC, mass concentration, CMD, and alveolar deposited surface area associated 
with Process 2.   
The data in Table 7 clearly indicates that Process 2 results in emission of both 
sub and supermicrometre particles with the difference in PNC, PM2.5, and alveolar 
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surface area all being outside the manufacturer stated accuracy of the instruments and 
much greater than the normal fluctuation in background particle values.  The CMD of 
particles attributable to the emission source is likely to be greater than 160 nm as 
evidenced by the insignificant difference in CMD during the process and that of the 
local background recorded by the SMPS (which had a measurement size range of 4 
to160nm).   
 
Table 7: Summary of peak particle metrics at emission source during Process 2 
operation compared to the peak associated with local background particle exposure 
(LBPE)  
 
 
However, examination of the mean of the particle metrics during the process and 
the background, as summarised in Table 4, shows the strength of the peak particle 
emissions from Processes 2A, B, and C are weak with insignificant impact upon mean 
particle metrics when compared with the background.  This is likely due to the 
influence of the local extraction ventilation on particle concentration as described in 
section 8.3.2.2.  
In analysing the particle concentrations recorded during the operation of 
processes 2A, 2B, and 2C, the probability of the extrusion machine, which was 
operating at a temperature of approximately 200ºC, contributing particles associated 
with vapour generation, must be considered as probable.   
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The results of the off-line analysis of aerosol indicates sample pumps, filters, 
open face cassettes, and an electrostatic precipitator to capture particles, SEM, TEM, 
and EDX are valid techniques for characterising particles even where the strength of 
the particle source is low, as was the case for Process 2.  
We have shown in section 8.3.2.2 that particles arising from a nanotechnology 
process can be entrained into a LEV system if the system is designed so that the capture 
velocity at the particle emission point is sufficient.  To achieve this it is recommended 
that the minimum capture velocity be maintained at 0.25 m s-1, and the LEV hood/s 
are positioned close to the particle source and relative to the position of local workers 
so as to move the particles away from the breathing zone of process workers.   
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11.1 INTRODUCTION 
We assessed particle emission, using a three-tiered assessment process, to identify points 
of particle emission, temporal and spatial size and number concentration and to validate 
engineering controls in relation to selected nanotechnology processes and during the operation 
of laser printers.  
Tier 1 included a walk-through survey of each process area to gather information on 
aspects of the processes such as likely emission sources, controls already in use, and a review 
of the literature on the toxicology of raw materials. Tier 2 included a multi-metric particle 
assessment using a P-Trak, optical particle counter (OPC) and DustTrak. Where significant 
increase in particle emission concentration over total aerosol background concentration was 
found, we recommended magnitude of exposure be assessed as part of a Tier 3 assessment. 
Because of differences in the operating principles of real-time instruments, such as upper 
and lower particle size ranges, type of laser, logging intervals, and differences in particle 
properties such as shape, solubility, hygroscopy and refractive indices [1-7], correlation of 
measurement data cannot be assumed.  Therefore, we also calculated the Spearman rank 
correlations between time-series airborne particle number concentration (PNC), particle mass 
(PM) concentration (< 2.5 µm [PM2.5]) and alveolar lung-deposited surface area of particles, 
respectively, in order to understand the strength of the relationships between the particle data 
measured/calculated by these real-time instruments. 
11.2 BACKGROUND 
Elevated exposure to ambient PM2.5, and in particular urban air pollution, has been 
reported to be associated with cardiovascular [8-12], and respiratory [11, 13-18] morbidity, 
including morbidity in already compromised or susceptible fraction of the population and 
increased respiratory hospitalisations [14, 16, 19].  
Concern has also been expressed that the small size and a large surface area of ultrafine 
particles (UFPs) impart unique toxicological properties independent of larger particles [20-26].  
Traditionally, characterisation of exposure to airborne particles in occupational and non-
occupational environments has focused on measurement of mass concentration [22]. There is 
now growing consensus in the literature [22, 27, 28] that particle mass on its own is not an 
adequate metric for evaluating exposure to UFPs. Properties of UFPs including surface area 
and redox activity [22, 27, 29, 30], particle number concentration [22, 29], or fibre aspect ratio 
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and length [29], are considered to be better exposure metrics than mass.  In addition, a multi-
metric assessment process is recommended because particles are likely to agglomerate into 
larger particles at distances away from the point of emission [6, 7, 31-35].  
The utility of time-series data in providing information on peak exposure and patterns of 
exposure to airborne particles, including UFPs, is well established [3, 4, 22, 29, 36-39]. Very 
useful information on particle exposure and emission, including temporal changes over short-
periods of time, can be obtained from time-series data by qualitatively analysing peak particle 
concentrations [3]. 
The processes for which our multi-metric particle measurements were conducted are 
summarised in Table I.  At the request of the relevant organisations the location of the processes 
has not been identified.   
11.3 METHODS 
The three-tiered assessment method was described in the introduction and was informed 
by a methodology utilised by a number of authors [4, 40-49].     
In addition to tier 2 particle measurement, we also performed a limited number of Tier 3 
assessments utilising collection of particles for elemental carbon and electron microscopy 
analysis.    Tier 3 assessment employed more complex measurement and analysis and assesses 
for exposure, in contrast to Tier 2 that assesses for points of particle emission.   
Our measurements were designed around a multi-metric approach employing two suites 
of instruments based upon degree of portability.  The first suite of instruments were a P-Trak, 
OPC, and DustTrak, all co-located on a tray that enhanced portability and temporal location of 
the aerosol inlets. The second suite of instruments included multiple condensation particle 
counters (CPCs), OPC, DustTrak, Nanoparticle Surface Area Monitor (NSAM), plus 
equipment for collection of particles for off-line analysis.   
11.3.1 Study design 
The aerosol inlets of the instruments were co-located and sampled simultaneously, with 
the sampling interval set as short as possible for each instrument while attempting to ensure 
equivalent sampling frequencies. The duration of particle measurement was governed by the 
aim to characterize both representative background particle concentration and particle 
concentration associated with each process, and the time is tabulated on the x-axis of Figures 
1 to 8.  
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11.3.2 Real-Time Particle Measurement Instrumentation 
A list of the real-time instrumentation, associated particle metric, measurement range and 
principle of operation of each instrument used in the study is provided in Table II.  
11.3.3 Sampling During the Operation of Laser Printers 
Four sets of particle data were collected from laser printers located within office locations 
serviced by a ducted air-conditioning system. The data for Printers 1 and 3 are from the same 
printer operated on different days, with Printer 3 data further categorized into 3A and 3B to 
reflect printing on the same day but with a different printer cartridge in the printer. Printer 2 is 
a different model to Printers 1 & 3. The aerosol inlets were located within ~0.5 m of paper exit 
tray of each printer. Print episodes included in the study were only those initiated by the office 
occupants in order to incorporate the typical use of the printers. The time of each print episode 
is recorded in Figures 1 to 5.  The location of the instrument aerosol inlets was informed 
following the release of artificial smoke which allowed visualization of the direction of airflow 
within the room.  
A P-Trak, OPC, and DustTrak were then co-located on a purpose-built tray for the 
measurement of airborne particles associated with the operation of the laser printers.  
11.3.4 Sampling During the Operation of the Nanotechnology Processes 
Five sets of airborne particle data collected from different nanotechnology processes are 
plotted in Figure 1 and labelled to reflect the dominant material used in the process: TiO2, 
Clay, Poly/Clay, multi-walled carbon nanotubes (MWCNT) and single-walled carbon 
nanotubes (SWCNT).  In addition, Figure 6 contains the plots of spatial particle concentration 
obtained during the assessment of the effectiveness of local extraction ventilation to capture 
particles emitted during the Clay process, and Figure 7, the plot of particle number 
concentration at the point source of particle emission during the Poly/Clay process, with the 
local extraction ventilation in operation and not in operation. Lastly, the results from mapping 
of spatial particle concentrations in proximity to the chemical vapour deposition manufacture 
of carbon nanotubes are plotted in Figure 8. Particle measurement, including number and mass 
concentration, and surface area equivalent alveolar dose were conducted before, during, and 
after each process operation.  
The investigation of airborne particles associated with the operation of both the TiO2 and 
Poly/Clay processes utilised a P-Trak, OPC, DustTrak, CPC3022A, CPC3781 and a NSAM 
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which were co-located on a trolley, and black conductive rubber tubing was used to connect 
the aerosol inlets of each instrument to approximately 0.2 m of the particle source. A CPC3781 
was also positioned approximately 7 m away to characterise spatial variation in PNC. In 
addition, during the Clay/Poly process, particles were collected electrostatically onto carbon-
coated 200-mesh copper Transmission Electron Microscope (TEM) grids using a TSI 3089 
Nanometre Aerosol Sampler.  Samples were also collected using 37 mm diameter open-face, 
PTFE, quartz, and MCE filters connected to air sampling pumps operating at approximately 5 
L/min. 
For the Clay process a P-Trak, OPC, and DustTrak were co-located on a tray and used as 
portable instruments at varying locations within one meter of the Jet Milling machine, 
including at approximately 0.2 m of the machine, and at the breathing zone position of the 
machine operator. 
For the CVD synthesis of CNT process, a P-Trak, OPC, and DustTrak were positioned 
side by side on a tray so as the instruments aerosol inlets could be moved in unison to the 
desired measurement locations.  These instruments were utilised to characterise the particle 
number and mass concentration in the laboratory before and during operation of the processes 
at measurement locations that included the outside perimeters of both process chambers, and 
at the end of the exhaust tube within the fume cabinet, and after operation of the CVD 
processes. This allowed assessment of the 1) the ability of both chambers to contain particle 
leakage into the laboratory, 2) the particle number and mass concentration resulting from the 
CVD within the chambers, 3) the response of the instruments to particles arising from CVD of 
CNT’s, and 4) capacity of the fume cabinet to contain the particles exhausted from the CVD 
processes.   
Decanting of proprietary manufactured, powder form MWCNT and SWCNT was 
assessed using a P-Trak, OPC, DustTrak, CPC3781 and a NSAM which were co-located on a 
trolley and black conductive rubber tubing was used to connect the aerosol inlets of each 
instrument to approximately 0.2 m from particle source inside the chamber. A chamber was 
used to enclose aerosols because of confirmed toxicology of CNTs [50-52]. In addition, the 
aerosol was collected onto open-face sampling cassettes containing mixed cellulose ester 
(MCE) and polytetrafluoroethylene (PTFE) filter membranes, which were connected via tubing 
to sampling pumps at a flow rate of 5LPM, and quartz fibre filters using sampling pumps at a 
flow rate of 3.6 LPM 
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11.3.5 Analytical Procedures  
Electron Microscopy and Energy-Dispersive X-ray Spectroscopy 
The MCE and PTFE filters, from the introduction of aliquots of SWCNT and MWCNT 
into the sampling chamber, were examined using an FEI Quanta 200 Environmental Scanning 
Electron Microscopy (SEM) operated in high vacuum mode. The filters were coated with a thin 
layer of evaporated carbon to provide electrical conductivity under the beam, and individual 
particles on the films were analysed for elemental composition using an energy dispersive x-
ray (EDX) microanalysis system.  
The TEM grids, from the Clay/Poly process, were examined using a Philips CM200 
TEM, and individual particles on the films were analysed for elemental composition using 
EDX with the instrument operated in the TEM microprobe mode.  The PTFE filters, from the 
Clay/Poly process, were examined using an FEI Quanta 200 Environmental SEM operated in 
high vacuum mode. The filters were coated with a thin layer of evaporated carbon to provide 
electrical conductivity under the beam, and individual particles on the films were analysed for 
elemental composition using an EDX microanalysis system.  
Thermal Optical Analysis of Elemental Carbon 
The organic, elemental, and total carbon mass of each quartz fibre filter was analysed 
using Evolved Gas Analysis by a Thermal-Optical analyser in accordance with the NIOSH 
Method 5040 [71] and the elemental carbon (EC) concentration in μg m-3 was calculated.  
11.4 DATA ANALYSIS 
As listed in Table II, the CPCs, OPC and DustTrak measure particle concentrations.  
However, the NSAM recalculates the particle concentration data into lung deposition of 
particles using criteria from the International Commission on Radiological Protection (ICRP) 
lung deposition model [53, 54]. 
In addition, the instrument data were averaged, using RStudio statistical software, to the 
longest sampling time interval for the group of instruments being compared, to allow 
comparison of the time-series plots.  
Spearman rank order coefficients (rs), a non-parametric measure of correlation [55] were 
then calculated for each pair of co-located instruments within each experiment.  Spearman 
correlation was chosen over Pearson correlation to relax the assumption that the relationship 
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between the time series is linear, replacing it with an assumption that the relationship is 
monotonic (either always increasing or always decreasing). 
Tier 2 assessment of particle concentration is a qualitative process where peaks during a 
process of interest are compared with the local background particle concentration (LBPC).  
Therefore, we calculated the average particle concentration for the periods prior to operation 
of the processes.  
11.5 RESULTS 
11.5.1 Time-Series Plots of Particle Concentration 
Figure 1 presents the time-series plots, for nine assessments, of particle number and mass 
concentration and surface area equivalent alveolar dose. Dependent upon whether suite 1 or 2 
instruments were used, some plots are blank indicating the data was not recorded for that 
particle metric, or in the case of the Clay Process, the OPC data for the particle bin sizes 1000 
to 5000 nm was inadvertently deleted before it could be analysed. The plotted measurement 
values reflect both the particle background and particle concentrations associated with discrete 
events associated with each process. Each particle bin size of the OPC has been plotted 
separately to enhance the comparison of particle data with other instrumentation.  
Figure 1 highlights the variability in particle concentration associated with each process 
and associated aerosol, and shows that there is a trend in instrument response, in terms of point 
of time and magnitude of change in particle concentration, between the instruments measuring 
the same particle source. The time-series highlights the frequent and substantial elevation of 
particle concentration relative to background for some processes.  
For the TiO2 process, increases in particle concentration of one or more orders of 
magnitude during process operation were recorded concurrently by all CPCs and the NSAM.  
Similarly for the Poly/Clay process, all CPCs and the NSAM recorded a concurrent 
reduction of at least an order of magnitude at 13:45 hours coinciding with commencement of 
extraction ventilation above the process extruder. For the SWCNT process, each of the peaks 
greater than the background particle concentration for the OPC, DustTrak and NSAM, between 
10:00 and 10:30 hours, is associated with the introduction of each aliquot of SWCNTs to the 
chamber. While the time-series plots for the CPCs do not indicate an obvious increase in PNC 
associated with each aliquot, the other instrumentation does, with greater than one order of 
magnitude increases in PNC for OPC bin sizes > 500nm and weaker increase for bin sizes 300 
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nm. In contrast, at approximately 11:30 hours all instruments recorded an increase in particle 
concentration, indicating an aerosol with both substantial sub and supermicrometre sized 
particles. At this time CNTs were not being introduced to the chamber but rather nearby 
welding associated with building construction was occurring.   
Similarly, for the MWCNT process, each of the peaks greater than the background 
particle concentration for the OPC bin sizes ≥ 1000 nm and the DustTrak between 10:30 and 
13:30 hours is associated with the introduction of each aliquot of MWCNTs into the chamber. 
However, no significant peaks in particle concentration were visible on the plots for the NSAM, 
CPCs, or OPC particle bin sizes of 300 and 500 nm, indicating the predominant instrument 
response is to supermicrometre particles.  
For the Clay process, the Jet Milling of the clay particles occurred in two distinct time 
periods of 10:00 to 10:15 hours and 11:00 to 11:15 hours. During these time-periods almost 
identical peaks greater than the background particle concentration are visible on the plots for 
the OPC particle bin sizes 300 and 500 nm, the DustTrak and the P-Trak.  
For Printers 1 and 3 there does not appear to be a marked increase in particle 
concentration over background, associated with printing of pages, possibly due to variation in 
background particle concentration occluding peaks associated with printer episodes. However, 
for Printer 2 several large peaks in PNC associated with print episodes were recorded by the P-
Trak between 08:02 and 08:09 hours, and large peaks in particle number and mass 
concentration of greater than an order of magnitude were recorded by all instruments at 
approximately 08:11 hours and 08:38 hours, and is a result of the release of artificial smoke. 
Particle emission varied considerably from one print episode to the next.  
From Figures 2 and 3, peaks in particle concentration associated with the time of print 
episodes (marked with unbroken arrows) are evident for Printer 1 and Printer 2, and only 
detected by the P-Trak. Fluctuations in PNC recorded by the OPC are not associated with print 
episodes but rather with background particles. Apart from times when artificial smoke was 
released, the variations in PM2.5 recorded by the DustTrak are not markedly above background 
variation. In addition, increases in PNC were registered by the P-Trak and the OPC in bin sizes 
300 and 500 nm at the time of smoke release. Increases in particle number or mass 
concentration, above background variation, corresponding to print episodes for Printers 3A and 
3B (Figures 4 and 5 respectively), were not registered by any of the instrumentation, greater 
than background.  
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It can clearly be seen from Figure 6 that the jet milling process is a strong source of 
particles when compared to the LBPC.  In contrast, dismantling and cleaning the jet milling 
equipment was not a strong source of particles.  Note that the PNC in the size range 20 to 1000 
nm (P-Trak values) is three orders of magnitude greater than that of the PNC in the size range 
of > 300 nm (OPC values) indicating the predominant size range of the particles emitted from 
the jet milling process is submicrometre and likely to be < 300 nm.  In addition, there is a 
similar trend for the PNC > 300 to 1000 nm and the PM2.5 mass concentration as would be 
expected because of the overlap in the measurement size range of the OPC and DustTrak. 
The influence of local extraction ventilation (LEV) in capturing particle emission from 
the Clay/Poly process can clearly be seen in Figure 7 when the LEV is switched off and on at 
12:43 hours. 
From Figure 8, it can be seen that the particle emission is different between both CVD 
processes with the PNC for the resistance heating process concentrated in the size range 20 to 
1000nm, whilst for the furnace process the dominant PNC response is in the 300 to 500 nm 
size range. It can also be seen that: (i) airborne particles are produced as part of the CVD 
process; (ii) the P-Trak, OPC and DustTrak are capable of characterising such particles; (iii) 
there is a temporal relationship in particle concentrations measured by the OPC and DustTrak 
during the furnace process, (iv) the enclosures for both CVD processes prevent particle leakage 
to the laboratory atmosphere; (v) the fume cabinet is capable of containing the particles 
exhausted from the processes. 
11.5.2 Electron microscopy and energy-dispersive X-ray spectroscopy 
Examination of the PTFE and MCE filters for the MWCNT samples revealed the 
airborne particles consisted of both small clusters of particles in the size range of 0.5 – 2µm 
and larger clusters in excess of 10 µm in length. The clusters consisted of both carbon based 
spherical particles and nanotubes. The SWCNT samples collected on the MCE and PTFE filters 
showed a greater concentration of clusters than was observed with the MWCNT samples. 
These clusters comprised mainly carbon particles with aggregates of nanotubes within the 
clusters. The cluster sizes varied extensively from below 1 µm to above 10 µm. Figures 9 and 
10 provide SEM images of the particles sampled during the MWCNT and SWCNTs 
experiments, respectively. The predominantly supermicrometre dimensions of both the 
SWCNTs and MWCNTs is consistent with the plots in Figure 1.  
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Figures 11 and 12 show the TEM and SEM images respectively, along with EDX 
spectroscopy analysis spectra for aerosols arising from the Clay/Poly process, whilst Figure 13 
contains the same type of data for the raw material used in this process. Firstly, it is evident 
that the electrostatic precipitator impacted numerous particles onto the TEM grid film, and the 
use of the open face cassette, filters and pump also captured particles. Secondly, sampled 
aerosol particles have a chemical composition consistent with that of the raw material. Thirdly, 
the morphology of the aerosol sample was broadly consistent with that of the raw material, 
consisting of mainly plate like particles together with a few fibres.     
11.5.3 Elemental carbon (EC) mass concentration 
The analysis of elemental carbon (EC) mass concentration collected during the 
assessment of the powdered CNT decanting indicated the airborne concentration of MWCNTs 
was significantly less than that of SWCNTS, < 2 μg m-3 and 1474 μg m-3, respectively. This is 
consistent with the lower magnitude of particle concentration recorded by the real-time 
instrumentation for the MWCNTs compared to the SWCNTS, as plotted in Figure 1.  
11.5.4 Spearman’s ranked coefficients of time series data 
Figure 14 presents the Spearman’s ranked coefficients for the pairing of all instruments 
particle concentration data recorded for nine processes. Blank values indicate the data from 
that instrument was not recorded for that process (related to which suite of instrumentation was 
used) and for the Clay Process, the inadvertent deletion of the OPC data for the particle bin 
sizes 1000 to 5000 nm. Qualitative description of the r_s values is as follows: -1.0 to -0.5 or 
1.0 to 0.5 = Strong, -0.5 to -0.3 or 0.3 to 0.5 = Moderate, -0.3 to -0.1 or 0.1 to 0.3 = Weak, -0.1 
to 0.1  =  none or very weak [56-58].  
Generally, all CPC values were strongly positively correlated, values for P-Trak and 
DustTrak, P-Trak and OPC bin sizes 300 and 500 nm, NSAM and CPCs, NSAM and OPC bin 
sizes 300 and 500 nm were strongly positively correlated for most aerosols. Negative 
correlations were associated with a CPC not recording a change in PNC while the non-CPC 
instruments recorded an increase in particle concentration. 
11.6 DISCUSSION 
Differences in the magnitude of response of the real-time instruments were related to the 
type of aerosol and the mechanism of particle generation. Our study clearly demonstrates the 
CPCs, OPC, DustTrak and NSAM consistently recorded elevated particle concentrations above 
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background, for both sub- and supermicrometre particles associated with nanotechnology and 
non-nanotechnology sources of particles, and the correlation between these instruments was 
strongly positive, in terms of point of time and magnitude of change in particle concentration, 
where the size of the particle in the aerosol was in the measurement range of both instruments. 
Zero and negative correlations were due to larger particles not being detected by the CPC.   
There was clearly an increase in particle concentration over background during the 
introduction of aliquots of both SWCNT and the MWCNT to the chamber. However, for the 
SWCNT there was a noticeable increase in particle number concentration across all OPC bin 
sizes, but only in OPC bin sizes of ≥ 1000 nm for the MWCNTs. This data is consistent with 
the manufacturer of the CNTs stating smaller dimensions for the SWCNT, 0.7-0.9 nm diameter 
and 700 nm length, compared to 7-15 nm diameter and 0.5-10 μm (supermicrometre) length 
for the MWCNTs.  The greater magnitude increase in PNC recorded by the NSAM for the 
SWCNTs can also be explained by the submicrometre size of these particles, with the 
dimension of the MWCNT being outside the upper measurement range of this instrument. The 
DustTrak also recorded stronger peaks in PM2.5 concentration for the SWCNT, albeit weaker 
in magnitude and also for the NSAM (upper particle measurement size 1000 nm). 
The poor response of the P-Trak and the CPC3781 can be explained by the proprietary 
manufactured CNTs being predominantly supermicrometre in size (as shown by SEM), which 
is larger than the upper measurement range of these instruments, whilst the substantial mass of 
these large particles was characterised by the DustTrak. Van der Waals attraction amongst the 
CNTs will result in aggregation [59-61] into bundles thereby presenting a larger particle to the 
instruments. In addition, the lower order of magnitude increase in number and mass 
concentration for the MWCNTs compared to the SWCNTs can be explained by a higher extent 
of aggregation in the MWCNTs. Further support for this conclusion is evident from the EC 
analysis results that clearly showed the airborne concentration of SWCNTs to be significantly 
higher than the MWCNTs. The differing response of the instrumentation is consistent with the 
SEM results that showed the airborne particles present as clusters, with sizes varying from 
below 1 µm to above 10 µm and is also consistent with findings of Baron et al. [62]. 
It was also evident the instrumentation was sensitive in responding to incidental particle 
sources. Following the SWCNT experiments, elevated particle concentration associated with 
nearby welding processes were recorded by all instruments. These measurement results are 
credible because particle concentration associated with welding processes has been shown to 
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have a size range of < 0.1 µm to 16 µm associated with initial generation of UFPs followed by 
aggregation of the UFPs to larger particles [63-69].  
Our finding of variable particle emissions between printers and then the detectable 
particle emissions being predominantly submicrometre in size, is in keeping with findings of 
other studies which concluded that different printer models can be a high or low emitters of 
particles, the predominant particle size is sub-micrometre, and variations in the temperature of 
the fuser unit influences particle emission [70-73] .  
Overall, the rs values indicated a strong positive correlation between a portable CPC (P-
Trak), DustTrak, and OPC bin sizes from 300 and 500 nm, the DustTrak and the OPC bin sizes 
from 300 to 3000 nm, and CPC-P-Trak/CPC 3781/CPC3022A, when the airborne particles 
were within the measurement range of all instruments, despite fundamental differences in 
operating principles of the instrumentation. All instruments for which there was positive 
correlation between particle data shared a common particle measurement size range. A number 
of other studies found strong correlation between instruments despite different measurement 
principles, with correlation of instrument output decreased when either the airborne particle 
size was outside the measurement range of the instrument or the particle morphology was 
significantly different to the particle used for calibration [2, 40, 74-79].    
11.7 CONCLUSIONS 
We confirmed (i) that when the aerosol size is in the range of measurement of several 
instruments and come from a single source, the particle concentration data are correlated, and 
(ii) when multiple sources are present and particle sizes extend beyond the range of any of 
those instruments, poorer correlation is observed. Our findings provide confidence regarding 
this multi-metric particle assessment method to identify significant peaks in relative particle 
concentration compared to background, and supports recommendations from earlier studies 
[48, 80] that utilising a P-Trak, OPC, and a DustTrak represent a valid and portable means for 
reliably characterising particle emissions from a process, relative to LBPC. These findings are 
fundamental to Tier 2 evaluation that aims to identify potential sources of particle emission 
that may require more comprehensive Tier 3 exposure assessment. Recommendations based 
upon the findings of our Tier 2 multi-metric particle assessment are provided in the 
Recommendations section.  
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11.8 RECOMMENDATIONS 
11.8.1 Tier 2 Assessment 
A portable CPC such as a P-Trak should always be utilised, however the strong 
correlation between the DustTrak and the OPC indicates either of these instruments can be 
utilised to characterise supermicrometre particles.  
The limitations of the NSAM  mean that even a small number of particles > 400 nm can 
have a significant contribution to total surface area causing underestimate of the lung deposited 
surface area [1, 75, 81]. This upper size limit of accuracy at 400 nm reflects the use of the ICRP 
lung deposition model to weight the instrument response where the ICRP model shows minima 
of the deposition curves at the 400nm size. Particle lung deposition increases on either side of 
these minima on the lung deposition curve. This is a significant limitation if using the NSAM 
data to conclude absolute surface area concentrations, i.e. if using the data to make conclusions 
regarding exposure.  However, we are not advocating the NSAM be used in this manner. 
Instead, the strong correlation of the NSAM with all CPCs observed as part of this study 
indicates the NSAM and CPC can be used collectively to provide two separate particle datasets 
to increase the degree of confidence that a process is emitting significant peaks in airborne 
particles relative to the LBPC. This also increases the utility of this instrumentation in that, 
although the principles of operation differ, one instrument can be used at the point of particle 
emission and the other further away to characterise the influence of the particle source on 
spatial particle concentrations within the workplace area. 
11.8.2 Extruder process 
 Improve LEV for the extruder process. The extruder machine was located within a room 
serviced by seven local extraction vents, with vent dimensions of 0.45 x 0.45 metres.   Each 
vent had flanges in-situ with dimensions of each 1m x 1m. The seven vents were positioned on 
the ceiling at a height of 3 metres from the floor.  Outside air to the work area entered via gaps 
under and around the doors, and either by infiltration or actively through the effect of negative 
pressure created when the LEV was in operation.   
Of the two extraction vents (A and B) located closest to the extruder machine, Vent A 
was positioned on the ceiling 0.7 metres to one side of the extruder and on the ceiling at a 
height of three metres from the floor resulting in the face of the vent being positioned at 45º to 
the extruder and 2 metres away in a straight line from the centre of the extruder machine.  Vent 
B was positioned on the ceiling at 45º to the extruder and 3 metres way in a straight line from 
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the centre of the extruder machine, as shown in Figure 15.   When artificial smoke was released 
at the extruder machine (at particle measurement point) the smoke was rapidly extracted into 
Vent A and at a slower rate into Vent B.  The smoke was not observed to be extracted into any 
of the other vents, and this is because of the relatively large distances between these vents and 
the extruder machine.     
By measuring (i) the average velocity across the face of these extraction vents, as 
determined using grid pattern hot wire anemometer measurements, (ii) the area of the face of 
the vents, and (iii) the distance between the face of the vents and the particle source, we 
calculated the effective capture velocity, at the point of emission, generated by Vents A and B, 
to be between 0.1 and 0.2 m s-1. The minimum recommended capture velocity for the extrusion 
process is 0.25 – 0.5 m s-1 so as to overcome local interferences and the intrinsic release velocity 
of the contaminant [82]. A recommendation was made to increase the air flow rate at the face 
of the extraction vent and/or decrease the distance between the face of the vents and the source 
of emission.  
11.8.3  Implement a Tier 3 exposure assessment.  
The time-series data from Figure 6 shows Peaks in particle emission associated with the 
Poly/Clay process and Figures 11 and 12 indicate theses aerosols include particles with similar 
morphology and chemical composition to that of the raw functionalised material.  Because the 
chemistry of the functionalisation of the clay was not disclosed to us, we could not assess likely 
toxicity, and therefore we recommended a Tier 3 exposure assessment.  We do acknowledge 
however, the probability the aerosol includes water vapour particles arising from the hot 
extruder process.   
 
11.8.4 Decanting of powder form CNTs 
The decanting and weighing of powdered CNT should not be performed on an open 
bench.  Rather this should be done within an enclosure, preferably a fume cabinet or a 
microbalance with a glass draft shield chamber.  
11.8.5 Clay Process 
The time-series plot in Figure 6 shows the highest particle concentrations at the point 
where an “o” ring connected the dust collection bag to the venturi outlet and where the vibrating 
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inlet sleeve feed the material into a venturi chamber.  The “o” ring was noted to be loose and a 
tear was evident in the inlet sleeve.  Recommendations were made to repair both.  
11.8.6 Laser Printers 
Sub-micrometre particle emissions corresponding to print episodes were recorded.  A 
Tier 3 exposure assessment could be conducted and/or controls described in McGarry et al. 
[80] be implemented.  
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FIGURE 1: Time-series particle concentration displayed as PNC (p cm-3) for all CPC, P-Trak 
and OPC data, mg m-3 for DustTrak data, and µm2/cm3 for NSAM. BG = background signifying 
this CPC operated concurrently but approximately 7 m from the particle source. Blank plots 
indicate data was not measured. 
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FIGURE 2.  Printer 1 - (a) concurrent P-Trak Particle number concentration (PNC) 10 to 
1000nm concentration, (b) concurrent Optical Particle Counter PNC in bin sizes 300 to 5000nm, 
(c) concurrent DustTrak PM2.5 concentration. Unbroken arrow signifies time of print episodes. 
(Colour figure available online) 
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FIGURE 3: Printer 2 -  (a) concurrent P-Trak Particle number concentration (PNC) 10 to 
1000nm concentration, (b) concurrent Optical Particle Counter PNC in bin sizes 300 to 5000nm, 
(c) concurrent DustTrak PM2.5 concentration. Unbroken arrow signifies time of print episodes. 
(Colour figure available online) 
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FIGURE 4: Printer 3A -  (a) concurrent P-Trak Particle number concentration (PNC) 10 to 
1000nm concentration, (b) concurrent Optical Particle Counter PNC in bin sizes 300 to 5000nm, 
(c) concurrent DustTrak PM2.5 concentration.  Unbroken arrow signifies time of print episodes. 
(Colour figure available online) 
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FIGURE 5: Printer 3B -  (a) concurrent P-Trak Particle number concentration (PNC) 10 to 
1000nm concentration, (b) concurrent Optical Particle Counter PNC in bin sizes 300 to 5000nm, 
(c) concurrent DustTrak PM2.5 concentration. Unbroken arrow signifies time of print episodes. 
(Colour figure available online) 
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FIGURE 6: Particle number and mass concentration at different locations during the jet milling 
of a modified clay product.  A P-Trak CPC, OPC and DustTrak were used in portable mode 
with the different measurement locations identified by the letters A to D.  A = background 
concentration located 3 m from jet milling machine; B = source concentration located 
approximately 0.2m from the point where an “o” ring connects the dust collection bag to the 
venturi outlet and at 90º to the right of the machine operator position; C = breathing zone of the 
jet milling machine operator approximately 0.5m from Jet Milling Machine; D = source 
concentration approximately 0.2m from where the vibrating inlet sleeve feeds the material into a 
venturi chamber.   
 
 
0.00E+00
2.00E+04
4.00E+04
6.00E+04
8.00E+04
1.00E+05
1.20E+05
1.40E+05
1.60E+05
9:50 10:04 10:18 10:33 10:47
P
a
rt
ic
le
 N
u
m
b
e
r 
C
o
n
c
e
n
tr
a
ti
o
n
 P
-T
ra
k
 (
p
 c
m
-3
)
Time
Modified clay particles
PNC 20-1000nm
A
B D
A
B
C
C
Jet Milling Operation Dismantle and clean Equipment
0
2
4
6
8
10
12
14
16
18
0.00E+00
1.00E+02
2.00E+02
3.00E+02
4.00E+02
5.00E+02
6.00E+02
7.00E+02
8.00E+02
9.00E+02
9:50 10:04 10:18 10:33 10:47
P
M
2
.5
C
o
n
c
e
n
tr
a
ti
o
n
 D
u
s
tT
ra
k
 (
m
g
 m
-3
)
P
a
rt
ic
le
 N
u
m
b
e
r 
C
o
n
c
e
n
tr
a
ti
o
n
 O
P
C
 (
p
 c
m
-3
)
Time
Modified clay particles
PNC  300 to  500 nm PNC > 500nm PM2.5
A
B
D
A
B
C
C
Jet Milling Operation Dismantle and clean Equipment
  
Chapter 11 Application of multi-metric approach to characterisation of particle emissions from nanotechnology 
and non-nanotechnology  
 
   352 
 
FIGURE 7: Spatial and temporal PNC associated with operation of the extruder machine 
during the Clay/Poly process.  The circled area on the plot signifies the effect on PNC of turning 
off the local extraction ventilation.  
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FIGURE 8: Plots of spatial particle concentration obtained during the assessment of the 
effectiveness of local extraction ventilation and process enclosure to contain particle emission.  
Particle number and mass concentration measured at various locations during two different 
condensation vapour deposition CNT synthesis processes.  Measurement locations, marked A to 
F in the figure, were as follows: A = Background ambient PNC at various locations around the 
room; B = commencement of first CNT synthesis; C = entire outer surface of furnace; D = end 
of furnace extraction tube inside fume cabinet; E = outside and along sash opening to fume 
cabinet; F = commencement of second CNT synthesis. 
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a 
b 
 
 
FIGURE 9: MWCNT sample on MCE filter; (a) scattered clusters of nanotubes and amorphous 
material, (b) a cluster of amorphous carbon and nanotubes, together with some fibreglass fibres 
(arrows).                        
 
 
 
 
 
 
 
 
  
Chapter 11 Application of multi-metric approach to characterisation of particle emissions from nanotechnology 
and non-nanotechnology  
 
   355 
 
Figure 10:  SWCNT sample on PTFE; (a) dense coating of clusters on the filter; (b) details of a 
large cluster showing smaller aggregates; the arrow indicates a Mo crystal 
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FIGURE 11: TEM image of particles sampled from the aerosol during the 
Clay/Poly process.  The aerosol sampling inlet of the electrostatic precipitator 
used for this sampling was located at same point as that of the real-time particle 
measurement instruments. 
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FIGURE 12: SEM image and energy-dispersive X-ray spectroscopy of particles 
in aerosol sampled during Clay/Poly process.  The open face cassette used for 
this sampling was located at same point as that of the real-time particle 
measurement instruments. 
 
 
 
 
 
 
FIGURE 13: SEM image of particles contained in the raw material used in the 
Clay/Poly process. Chemical formula of raw material 
[Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96]. High aspect ratio fluoromica (Somasif 
ME100).  EDX spectra not available for the raw material. 
F 
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FIGURE 14. Spearman’s rs. (BG) = background measurement with instrument position 
approximately 7 m away from particle source to characterise spatial particle concentration.  
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FIGURE 15: Picture illustrating distance of 2 metres between point of particle 
emission and face of local extraction Vent A.  Decreasing this distance will 
improve the capture velocity at the point of emission.  
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Table I: Summary of processes included in particle measurement  
Process  Description of process  
 
Modified 
titanium 
dioxide (TiO2) 
A university laboratory process involving two stages: in the first stage  functionalised anatase TiO2 (~80% 
anatase, 20% rutile) powder was added to a bowl containing Iron Stearate, oil, and polyethylene resin 
beads, and this was mixed by hand using a spatula. This mixture was then added to an extruder machine, 
designed to homogenise and heat the mixture. This produced polyethylene beads pellets that could then be 
used to blow photo-degradable thin film for use in agriculture.  Details regarding the specific 
functionalisation of the anatase were classified as a proprietary secret and so were not available to the 
researchers. 
 
Clay process A Jet Milling machine was used to reduce synthetic and functionalised clay to platelets of desired size, prior 
to use in the Clay/Poly process described below. Details regarding the specific functionalisation of the clay 
were classified as a proprietary secret and so were not available to the researchers 
Clay platelets  
and 
polyurethane 
Clay/Poly process involved the addition of functionalised clay platelets and polyurethane beads were 
introduced to an extruder machine which heats and combines the raw products into an end product, in this 
case siloxane-based thermoplastic polyurethane (TPU) nanocomposite.  
 
Multi-walled 
carbon 
nanotubes 
(MWCNTs) 
 
 
Simulation of (common) laboratory benchtop decanting of proprietary manufactured MWCNT and SWCNT 
involved the separate introduction of aliquots of MWCNTs and SWCNTs, both in powder form, through a 
funnel into a purpose–designed chamber from which the resultant aerosols were measured. The chamber 
was used because of the robust toxicological evidence for CNTs within the literature [51, 52, 83]. 
 
 
 
Single-walled 
carbon 
nanotubes 
(SWCNTs) 
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CNT synthesis 
During Chemical Vapour Deposition manufacture of CNTs, the nanotubes are synthesized on glass 
substrates coated with thin layers (10 nm) of nickel as catalyst. The CVD process is realized by 
decomposition of a hydrocarbon gas at high temperature (600°C-1000°C). The thermal dissociation of the 
gas produces carbon atoms that are free to react and diffuse into the Ni catalyst particles, giving rise to the 
nucleation and growth of CNTs. 
The first process utilised a sealed furnace chamber consisting of an insulated ceramic tube, which can be 
heated up to 1000°C through a resistive metal spiral wrapped around it. The sample was placed 
downstream into the chamber and the process temperature was set. Acetylene gas was introduced into the 
furnace at 650°C, triggering the CVD synthesis. The gas was then passively exhausted from the chamber via 
a tube into a fume hood.  
The second process utilised a SabreTubeTM Bench Top Thermal Processing System. It incorporated a 
transparent quartz tube into which a conductive sample holder made of Si can be resistively heated by 
direct current flow. The substrate was placed on top of the sample holder and a feedback controller set the 
current flow required to keep the holder at the process temperature, 750°C in this case. The temperature 
was constantly measured via a high-precision infrared sensor. Acetylene was allowed to flow into the tube 
in order to initiate the CVD synthesis. The gas was passively exhausted through a tube towards a fume 
hood. 
 
Laser printers Desktop laser printers, were assessed during period of normal use in various indoor office locations.   
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TABLE II: Instrumentation associated particle metric and measurement size and concentration range utilised for this study 
Instrument Particle metric Particle 
size range  
Particle 
concentration range  
Measurement principle 
TSI Model 
3781 CPC 
 
TSI Model 
8525 P-
Trak CPC 
 
TSI Model 
3022A CPC  
PNC  
 
 
 
0.006 - 3 
µm 
 
0.02 - 1 
µm 
 
 
0.006 – 3 
µm 
0 to 5 x 105 p. cm-3 
 
 
0 to 5 x 105 p. cm-3 
 
 
 
0 to 9.99 x 106 p. cm-3 
A vapour from the instrument’s working fluid is condensed onto particles to “grow” them to a 
size that can be detected with optical methods. Water, Isopropanol, and Butanol is the working 
fluid for the model 3781, 8525 and 3022A, respectively [84]. 
TSI Model 
AeroTrak 
9306 OPC 
PNC  Six particle 
size 
distribution 
channels 
between 
0.3 µm to 
10 µm 
0 to 2.1 x 104 p.cm-3 Particles enter an optics chamber via isokinetic probe and a light source counts particles 
according to light scattering [85].  The OPC logs particle counts in six channels (particle bin 
sizes [PBS]): 0.3 to < 0.5 µm, 0.5 to < 1.0 µm, 1.0 to < 3.0 µm, 3.0 to < 5.0 µm, 5.0 to 10.0 µm, 
and > 10 µm, and as the PNC recorded for each channel is that of the lowest particle size cut for 
the channel, the data has been labelled as OPC300nm, OPC500nm, OPC1000nm, OPC3000nm and 
OPC5000nm. Data was not recorded for the bin size > 10.0 µm, i.e. OPC10000nm because all PNC 
were less than 2 particle cm-3 and the upper particle size for this bin is not defined.  
TSI Model 
8520 
DustTrak 
Aerosol 
Monitor  
PM2.5  0.1 to 2.5 
µm (using 
a 2.5 µm 
impactor at 
the aerosol 
inlet) 
0.001-100 mg.m-3 Particles enter a optics chamber via a sample inlet conditioner nozzle that is particle size 
specific, and mass per volume is calculated using data of the amount of laser light scattered by 
the particles [86].  
TSI 3550 
NSAM  
Lung surface 
area equivalent 
dose of inhaled 
particlesµm2/cm3  
0.01 µm to 
1.0 µm 
 Particles enter the instrument though a cyclone inlet with a 1 µm cut point, particles are 
conditioned by diffusion charging and charge measured using an electrometer [54]. Lung 
deposition of particles is calculated using criteria from the International Commission on 
Radiological Protection (ICRP) lung deposition model [53, 54]. Only lung-deposited surface 
area concentrations of aerosols with no significant surface contribution above 400nm can be 
accurately measured using these devices [1, 81].  
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Chapter 12: Conclusions and 
Recommendations 
12.1 INTRODUCTION 
Many processes at workplaces are sources of particle emission and therefore 
potential exposure to people, and include anthropogenic particles incidental to human 
activities, for example, welding and combustion engine processes and laser printer 
operation, and engineered particles such as those purposely designed and 
manufactured during nanotechnology processes. 
An essential element of controlling exposure to airborne particles is to (1) 
characterise temporal particle concentration, including where airborne particles are 
being emitted from, and (2) associated spatial particle concentration related to the 
particle emission source, which in turn provides information regarding potential 
exposure of people to airborne particles. This information is then used to decide 
particle exposure controls, such as in order of preference - enclosing the source of 
particle emission or using local extraction ventilation to remove airborne particles 
from the work environment, or utilising person protective equipment such as 
respirators.  Therefore, the focus of the experiments was to investigate emission of, 
and temporal and spatial variations of particles, within workplace environments, and 
to design a method that can be used at the workplace level to measure aerosol emission, 
including NPs, and criteria that utilises this measurement data to inform decisions on 
when to control particle emission. 
Experiments aimed to inform the design of a three-tiered particle 
characterisation method, with the first two tiers incorporating relatively portable, 
inexpensive and easy to use instrumentation, whilst the third-tier utilises more complex 
off-line particle analysis.  In order to design and validate each tier, both real-time 
particle measurement instrumentation such as CPCs, OPC, DustTrak, SMPS, NSAM, 
and off-line analysis of particle morphology and chemical composition using electron 
microscopy and EDX were utilised to characterise the emission of airborne particles 
from laser printers and a range of nanotechnology processes. These experiments were 
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conducted within laboratory chambers and actual workplace locations. The previous 
chapters (3 – 11) have presented the results of these experiments and the principle 
findings are outlined below.  
12.2 PRINCIPAL SIGNIFICANCE OF FINDINGS 
12.2.1  Emission profile of laser printers and nanotechnology processes 
 
Real-time emission profiles of particle number and mass concentration for laser 
printers operated in a flow-through tunnel and chamber, plus in actual office based 
workplace usage was studied.  In addition, emission of volatile organic compounds 
and O3 were studied during the flow-through tunnel and chamber experiments
13.  Real-
time emission profiles of particle number and mass concentration, diameter, lung 
deposited surface area, and off-line analysis of particle morphology and chemical 
composition were also studied for selected nanotechnology processes.  
 
12.2.1 Laser printers 
The flow-through tunnel and chamber experiments showed: (i) NPs were the 
dominant particle size mode associated with the operation of laser printers, with only 
a small component of airborne particles ≥ 1 µm in diameter, (ii) the difference between 
particle number and mass emission rates between the lowest and highest emitting 
printers was between two and three orders of magnitude, (iii) the rate of particle 
emission varied across the printing cycle, (iv) all printers generated VOCs and O3, (v) 
the NPs are mainly formed in the air by the gas-to-particle partitioning of SVOCs, (vi) 
the temperature of the fuser roller was the key factor influencing particle emission, 
(vii) the type of paper and toner powder also influenced particle emission, and (viii) 
the sampling methods utilised were valid for characterising sub- and supermicrometre 
particles, including  NPs.  
 
                                                 
 
13 Although these experiments were led by other researchers, my involvement with these experiments 
provided essential information that informed the methodology of latter experiments led and conducted 
by me.  The conclusions of these initial experiments, as reported in papers co-authored by me, are first 
discussed below, followed by the conclusions from experiments led and published by me as primary 
author.   
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These findings, i.e. that the profile of particles emitted during the operation of 
laser printers included both sub and supermicrometre sized particles, directly 
influenced the choice of instrumentation used for the latter experiments aimed at 
designing a method for characterising airborne particle emission in workplaces.   
These experiments were conducted on 107 laser printers, operating in a variety 
of actual office locations, in order to characterise temporal and spatial particle 
concentrations and to verify that a CPC, OPC and DustTrak used concurrently would 
consistently characterise airborne particle emissions. The results showed office 
workers are continually exposed to a background PNC within their office environment, 
predominantly in the submicrometre size range.  Analysis of the size specific response 
of the concurrently used P-Trak, OPC and DustTrak identified peaks in PNC, time 
correlated to printing episodes, were registered by the P-Trak, but no printer related 
significant peaks in PNC were recorded by the OPC, or particle mass concentration by 
the DustTrak. This finding when coupled with particle size characterised by SMPS 
reported in the flow-through tunnel and chamber studies, leads to a conclusion the 
predominant particle size is < 1000 nm.  Therefore, the following discussion on PNC 
is related to PNC<1000nm. 
The source of these particles in the office locations utilised for the experiments, 
is mainly from outside (vehicular) pollution as evidenced by an increase in PNC inside 
the offices that correlated with time-related increase in PNC outside, and low PNC 
emitted from laser printers over the course of an 8 hour working period.  Therefore it 
is essential that this local background particle exposure be accounted for when 
characterising the emission of particles, and assessing exposure of office workers, 
arising from the operation of laser printers. Local background particle exposure for 25 
of the office environments included in this study ranged from 1.7 x 103 particles cm-3 
to 1.2 x 104 particles cm-4, with a median value of 4.0 x 103 particles cm-3. In contrast, 
the eight-hour TWA printer particle exposures (i.e. contribution of printer only 
derived particles over an eight-hour period) were calculated for 19 office environments 
and ranged from 4.3 x 101 particles cm-3 to 4.0 x 103 particles cm-3.   
Of the 25 printers subjected to continuous particle measurement at one metre 
from the printer, 18 recorded a statistically significant increase in PNC, compared to 
background, associated with printing.  In addition, four of five printers subjected to 
continuous particle measurement at two metres from the printer also recorded a 
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statistically significant increase in PNC associated with printing.  Peak particle 
exposure was recorded one metre from printers during printing events at greater than 
five times that of the eight-hour TWA local office background particle exposure for 
11 printers, at four times for one printer, three times for two printers, and between one 
and two times for eight other printers.  The peak particle exposure measurements 
ranged from 3.3 x 103 particles cm-3 to 9.9 x 104 particles cm-3 (this is the particle 
saturation value of the CPC used, and therefore particle exposure was likely greater 
than this value).  Therefore these printers can increase peak exposure of office workers 
to particles above the local background particle exposure at both one and two metres 
respectively.  These results indicate that the eight-hour TWA of printer particle number 
concentration is not the best method for assessing exposure. Instead peak and 30 
minute short-term printer particle exposure assessment are a better measure, using the 
three-tiered measurement methodology recommended in this thesis.  
12.2.2 Nanotechnology processes  
Experiments were also conducted during the operation of six nanotechnology 
processes, subdivided into nine processes for measurement purposes.  The results 
showed:  
 Measurement of background airborne concentrations of particles, i.e. 
without nanotechnology processes operating, showed workers at each 
of the nanotechnology processes are constantly exposed to varying 
concentrations of both sub and super micrometre particles.  This local 
background particle exposure arises from sources of particles 
ubiquitous in the general environment.  Therefore, it is essential that 
this local background particle exposure be accounted for when 
characterising the emission of particles, and assessing exposure of 
nanotechnology workers arising from the operation of 
nanotechnology processes.  The range of mean local background 
particle exposure for the nine nanotechnology environments included 
in this study were: PNC20-1000nm of 5.5 x 10
2 particles cm-3 to 1.1 x 104 
particles cm-3, PNC300-3000nm  of < 1 to 37 particles cm
-3, and mass 
concentration of particles with aerodynamic diameter <2.5 µm (PM2.5) 
of 1 μg m-3 to 25 μg m-3. 
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 Mean particle concentrations measured at emission points of the nine 
processes showed that for seven of the processes the PNC20-1000nm and 
PM2.5 were the same order of magnitude as that of the local particle 
background exposure, with the other two processes being one order of 
magnitude higher.  Of the five processes for which PNC300-3000nm was 
characterised, three were of the same order of magnitude as that of the 
local particle background, one was an order of magnitude higher, and 
one was two orders of magnitude higher. 
 Peak particle number and mass concentration within the sub and 
supermicrometre size range consistently showed significant particle 
variation associated with the nanotechnology process when compared 
to background.  Evaluation of  peak particle concentrations relative to 
the local background particle exposure showed  the median value of 
the peaks exceeded the local background particle exposure by a factor 
of five or more as follows:   PNC20-1000nm  for five of seven processes, 
PNC300-3000nm for two of seven processes, and PM2.5  for five of seven 
processes.  
 Therefore, because of the constant influence of background particle 
concentrations, characterisation of peak concentration values, across 
both the sub and supermicrometre size range, relative to the 
background is a better indicator of when a process may require control 
of particle emission, rather than absolute concentration values.  
 
12.2.2 Relationship between P-Trak, OPC, NSAM and DustTrak particle 
concentration data  
 
The relationship of real-time particle concentration data recorded by P-Trak, 
OPC, NSAM and DustTrak when used concurrently to characterise selected aerosols 
was investigated using a qualitative and quantitative method.   
The qualitative method involved plotting the real-time data response of the 
instrumentation against time, and recording specific process task or events in a 
logbook.   It was clear when comparing the results from all experiments that a distinct 
“particle signature” comprising particle number concentration in the sub and 
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supermicrometre size range, and particle mass concentration in the supermicrometre 
size range was associated with each process.  Careful analysis of the data from each 
instrument, combined with an understanding of the overlap in particle response bands 
of the three instruments allows sound conclusions to be made about the dominant 
particle signature associated with that process.  For example, a significant PNC 
characterised by the P-Trak at same time as insignificant PNC characterised by the 
OPC would suggest a particle signature dominated by sub-300nm sized particles.  Our 
results clearly indicate the PM2.5 mass concentration recorded by the DustTrak 
correlated positively with the PNC in size range of 300 to 2500 nm, recorded by the 
OPC, for sources of both fibrous and non-fibrous particles emitted by the 
nanotechnology processes.  In contrast, for laser printers peaks in PNC, associated with 
print episodes, were recorded by the P-Trak but not within the OPC particle band sizes 
of 300 to 1000 nm which overlapped with the measurement range of the P-Trak, and 
also not by the DustTrak.  This indicates the dominant particle size emitted by the laser 
printers was < 300 nm.   
The experiments also showed the P-Trak, OPC and DustTrak could be used to 
verify local extraction ventilation (LEV), fume cabinets, mechanical dilution 
ventilation, and process enclosures contained and/or extracted emitted particles from 
the general work environments.    
The strong correlation of the NSAM with all CPCs observed as part of this study 
indicates the NSAM and CPC can be used collectively to provide two separate particle 
datasets to increase the degree of confidence that a process is emitting significant peaks 
in PNC relative to background concentration. This also increases the utility of this 
instrumentation in that, although the principles of operation differ, one instrument can 
be used at the point of particle emission and the other further away to characterise the 
influence of the particle source on spatial particle concentrations within the workplace 
area. 
Not surprisingly, there were orders of magnitude differences in temporal and 
spatial particle concentration associated with each process.  This variability in particle 
number and mass concentration was likely associated with the method of particle 
generation that included heated processes, chemical vapour deposition processes and 
grinding processes, plus in-air agglomeration of particles the process of which would 
be influenced by initial particle concentration and ventilation characteristics of the 
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work area.  The limitations of the various instruments themselves would have 
contributed to variability in recorded particle concentrations, including the upper and 
lower particle size and concentration capability of the instruments.  
Differences in the magnitude of response of the real-time instrument were related 
to the type of aerosol and the mechanism of particle generation. Our study clearly 
demonstrates the CPCs, OPC, DustTrak and NSAM consistently recorded elevated 
particle concentrations above background, for both sub- and supermicrometre particles 
associated with nanotechnology and non-nanotechnology sources of particles, and the 
correlation between these instruments was strongly positive, in terms of point of time 
and magnitude of change in particle concentration, where the size of the particle in the 
aerosol was in the measurement range of both instruments. Zero and negative 
correlations were due to larger particles not being detected by the CPC.   
Our experiments showed the relative portability of the following instruments 
allowed for them to be moved easily and quickly so as to obtain temporal and spatial 
particle data and the following instrument specifications were required:   
 A portable CPC with a  particle measurement range that includes the 
UFP range, for example a P-Trak 
 An OPC with a particle measurement range from submicrometre to 10 
µm 
 A photometer with a sensitivity over a size range that overlaps with 
the portable CPC and OPC, for example a DustTrak.  
 
12.2.3 Relationship between real-time particle data and off-line particle 
analysis results 
 
Experiments also showed filter and electrostatic precipitator based samples can 
be collected with relative ease for off-line analysis by electron microscopy and energy-
dispersive x-ray spectrometry and that such analysis can identify if there is a 
morphological and chemical relationship between the raw nanomaterial and airborne 
particles emitted from a process.  For example, examination of the PTFE and MCE 
filters for the MWCNT samples revealed the airborne particles consisted of both small 
clusters of particles in the size range of 0.5 – 2µm and larger clusters in excess of 10 
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µm in length. The clusters consisted of both carbon based spherical particles and 
nanotubes. The SWCNT samples collected on the MCE and PTFE filters showed a 
greater concentration of clusters than was observed with the MWCNT samples. These 
clusters comprised mainly carbon particles with aggregates of nanotubes within the 
clusters. The cluster sizes varied extensively from below 1 µm to above 10 µm. Figures 
6 and 7 provide SEM images of the particles sampled during the MWCNT and 
SWCNTs experiments, respectively. The predominantly supermicrometre dimensions 
of both the SWCNTs and MWCNTs is consistent with the plots in Figure 1.  
Off-line analysis of particles sampled concurrent to real-time measurement 
provides important information on whether variation in airborne particle concentration 
is associated with the process of interest or incidental background sources of particles.  
  
12.2.4 Three-tiered measurement strategy 
 
Our results clearly indicate that a complimentary set of instruments such as a P-
Trak (or similar  portable CPC), optical particle counter (OPC), and DustTrak (or 
similar photometer) can be used concurrently to gather both temporal and spatial 
particle concentration data associated with a variety of industrial processes. 
Real-time particle number and mass concentration should be characterised as 
part of a Tier 1 and 2 assessment process to screen whether emission from a process 
may require control or further assessment.  In contrast, where information is required 
on particle exposure in terms of mass or fibre concentration, agglomeration, 
aggregation, primary particles, fibre morphology, particle morphology and chemical 
composition, a Tier 3 assessment utilising sampling by more complex instruments and 
methods should be implemented.     
A three-tiered particle assessment process was designed as a result of the 
experiments. The following three tiers are recommended.  
The Tier One assessment involves a standard industrial hygiene survey of the 
process area and is predominantly focussed upon the gathering of qualitative 
information.  Quantitative data is gathered to identify likely points of particle emission 
relative to the background.  The information gathered during Tier One is used to inform 
whether a Tier Two measurement process is required. 
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The Tier Two assessment is designed to be relatively simple to implement and 
as such does not involve off-line particle analysis. Steps in the Tier Two process 
include: 
(a) Measure real-time local background particle exposure in terms of number 
and mass concentration during periods when the process of interest in not in 
operation.  This is of paramount importance so as to differentiate background 
particles from particle of interest.  
i. Plot the time-series data. 
ii. Calculate the average of the local background particle exposure particle 
number and mass concentration – this is the local particle reference 
value. 
iii. Identify the presence of peak particle concentration values.  Exclude 
particle values that are within ± of the manufacturer stated accuracy of 
the instrument, i.e. peak values that are within ± of the local particle 
reference value. 
iv. Calculate the peak particle and mass concentration values for the local 
background particle exposure 
(b) Measure real-time particle number and mass concentration data at emission 
points, within the breathing zone of worker, and at the perimeters of process 
enclosures and extraction ventilation, during operation of the process.   
i. Plot the time-series data  
ii. Calculate the  eight hour time-weighted average of the real-time particle 
number and mass concentration 
iii. Identify the presence of peak particle concentration values.  Exclude 
particle values that are within ± of the manufacturer stated accuracy of 
the instrument, i.e. peak values that are within ± of the time-weighted 
average of the real-time particle number and mass concentration  
iv. Calculate the peak particle number and mass concentration values for the 
process operation 
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(c) Calculate the ratio of the peak particle number and mass concentration values 
for the process operation to that of the local particle reference value. 
(d) Compare this ratio to the general excursion guidance criteria as a trigger 
for to review of particle controls and/or conduct a Tier Three assessment, 
as described below.      
 
A Tier Three assessment involves the repeat of the Tier Two measurements but 
this time with simultaneous collection of particles for off-line analysis of particle 
morphology and chemical composition.  The results of the off-line particle 
morphology and chemical composition analysis can also be compared to real-time 
measurement results.  A Tier Three process can include: 
 
 Collection of aerosols onto a filter membrane connected to a sampling 
pump or transmission electron microscopy (TEM) grid within an 
electrostatic precipitator, with analysis by scanning electron 
microscopy and X-ray diffraction (SEM/XRD) and TEM/XRD 
respectively.   
 
 Utilisation of the sampling and analytical method recommended for 
an Australian Workplace Exposure Standard, overseas exposure limit 
(e.g. Recommended Exposure Limits), proposed workplace exposure 
limit, or benchmark exposure level.  
 
 Use of a scanning mobility particle sizer with the minimum particle 
measurement size possible.   Significant differences between the 
count median diameter during the process compared to the local 
background particle exposure would suggest the nanotechnology 
process is emitting particles.  These particles may be within the 
ultrafine size fraction but could also be of larger particle sizes due to 
agglomeration of particles.       
 
 
12.2.5  Excursion guidance criteria to inform implementation of airborne 
particle controls  
 
Where the calculated ratio of the peak particle concentration measured during 
process operation to local particle reference value does not exceed the excursion 
guidance value, changes to particle control strategies are not generally required, but 
may be required in the case of nanomaterials that are potentially highly hazardous.  
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General excursion guidance criteria - a nanotechnology process could be 
considered to require further assessment if:  
 Short term emissions/exposures exceed three times the local particle 
reference value for more than a total of 30 minutes during a work day; 
and/or 
 If a single short term (peak) value exceeds five times the local particle 
reference value. 
Where the results of Tier Three assessment confirm the excursion in particle 
concentration is associated with the process, particle control strategies should be 
should be considered. The choice of control, for example an engineering control or 
personal protective equipment, should be based on the measured particle concentration 
and; (a) relevant particle control values, or (b) any known or suspected toxicity of the 
nanomaterial.  
The scope of this study was limited to investigating the characteristics and 
behaviour of particles arising from the operation of laser printers in office locations 
and six nanotechnology processes and did not include the toxicological evaluation of 
the aerosol.  Therefore no direct conclusions are made regarding the health effects of 
exposure to these particles.  
12.3 SCIENTIFIC ORIGINALITY AND NOVELTY 
Scientific originality and novelty is claimed for investigation of the specific 
workplace particle sources utilised in this study, and for the validation of excursion 
guidance criteria and three-tiered assessment method.   
12.4 FUTURE RESEARCH  
Future research is recommended in the following areas.  
Harmonized approach concerning measurement strategies 
As described in Chapter 2, different measurement strategies and techniques, 
metrics and size ranges as well as the data analysis procedures are being used for both 
laboratory and workplace assessment of NP emission and exposure. For example, 
some studies have utilized SMPS to obtain PNC for NPs, whilst other studies have 
utilized CPCs. However, as the time-resolution for SMPS is 3-5 minutes, rapid 
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changes in particle size distribution reported PNC will differ to a CPC that has a faster 
time-resolution.  The result of different measurement techniques is datasets of particle 
measurement data that are not easily comparable even for like-processes. Research 
aimed at identifying the minimum set of information for all workplace related studies 
is recommended.  
Real-time personal exposure particle measurement instrumentation 
Because the development of personal devices for real-time measurement of 
particles is still in its infancy, there is a lack of published information on personal 
exposure, and a reliance on estimates based on static measurements.  Although 
conventional pump-based filter methods involving the capture of aerosols onto filters 
positioned close to the face and subsequent off-line analysis of particle morphology 
and chemical composition are utilized, such don’t provide information of peak particle 
exposures which are common to many processes. Although some devices designed for 
characterizing personal exposure to NPs are available, such as the NRD and 
NanoTracer, these are limited by an upper particle size range of 300 nm.  Research 
aimed at improving current devices into a real-time measurement device/s that are 
light-weight and small enough to be worn by a person, to sample aerosol in proximity 
to the face, and provide time-series PN and mass concentration data displayed in 
particle bin sizes including the nuclei, accumulation and fine particle modes.  
Challenge selected real-time instruments to wider range of aerosols 
This PhD study challenged selected instrumentation to a limited range of aerosol 
sources. Future research should challenge the P-Trak, OPC and DustTrak with 
particles of different shapes, composition, and size, to evaluate the accuracy and 
measurement comparability for workplace nanomaterials.   
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